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Giant resonances in *®*8Tj
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The giant resonance region from 9 MeV < E, < 55 MeV in “°Ti and **Ti has been studied with inelastic
scattering of 240 MeV « particles at small angles including 0°. Isoscalar monopole strength in “°Ti (**Ti) was
found corresponding to have 71 + 15/—12% (96 + 14/—12%) of the EO energy weighted sum rule (EWSR)
with a centroid of 18.66 + 0.65/—0.25 MeV (18.80 + 0.45/—0.18 MeV), respectively. In *°Ti (**Ti), 46£12%
(56+12%) of the E1, and 60411% (87+11%) of the E2 EWSR were identified.
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I. INTRODUCTION

The giant resonances are small amplitude collective modes
of excitations of nuclei and have been extensively studied for
several decades over a wide mass region [1,2]. The study of
the isoscalar giant monopole resonance (ISGMR), in which
protons and neutrons in a nucleus move in-phase and oscillate
with spherical symmetry, is important because its energy
(Egmr) is related to the incompressibility of nuclear matter
(Knm) [3,4]. In the scaling model, the energy of GMR is
giVCl’l by EGMR = (m3/m1)1/2, where my = Z(E” — Eo)k| <
0|r%|n > |*>. Most of the isoscalar EQ strength has been
reported for OCa (Egmr of 20.42 + 0.89/—0.36 MeV) [5]
and BNi (Egmr of 20.81 + 0.90/—0.28 MeV) [6] using
inelastic « scattering. The GMR energy in *°Ca is in agreement
with the calculation by Nayak er al. [7] using the SkM*
interaction, whereas that in ®Ni is about 1 MeV higher than
the calculation. Consequently we have studied the giant reso-
nances in **Ti which lie between “°Ca and *Ni in the mass
region.

II. EXPERIMENTAL TECHNIQUE AND DATA ANALYSIS

The experimental technique and the detailed method of the
analysis have been described in Refs. [8,9] and are summarized
briefly below. A beam of 240 MeV « particles from the Texas
A&M K500 superconducting cyclotron, after passing through
a beam analysis system, bombarded self-supporting 6-43Ti
foils 2.06 mg/cm? and 5.75 mg/cm? thick, enriched 83.8%
and 99.36% respectively, located in the scattering chamber
of the multipole-dipole-multipole (MDM) spectrometer [10].
Scattered particles entering the MDM spectrometer were
momentum-analyzed and measured by a focal plane detector
which consisted of four resistive wire proportional counters,
an ionization chamber, a plastic scintillator and a vertical drift
chamber. The proportional counters measured position in the
momentum analysis plane, the ionization chamber measured
energy losses of the particles, and the scintillator behind the
ionization chamber measured the total energy and generated
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fast timing signals. The in-plane angle was obtained from the
positions measured with the four proportional counters and a
comparison with RAYTRACE [11] predictions. The vertical
drift chamber measured position and angle perpendicular to
the momentum analysis plane. The in-plane position and
scattering angle resolution were approximately 0.9 mm and
0.09°. The out-of-plane scattering angle was not measured
for “°Ti but was measured for *Ti with a resolution of
0.20°.

The spectrometer angle e and the slit openings defining
the solid angles used for the measurements are shown in
Table 1. The data for each run were binned into ten angle bins
by the horizontal angle. The scattering angle for each angle
bin was obtained by integrating over the vertical opening of
the slit. The differential cross section was extracted from the
number of beam particles collected, the target thickness, the
solid angle, the yields measured and the dead time. The number
of beam particles was monitored with a monitor detector at a
fixed scattering angle in the scattering chamber. Dead time of
the data taking system was measured by comparing the number
of pulses sent to the system to those accepted. The cumulative
uncertainties result in about a £10% uncertainty in absolute
cross sections.

Figure 1 shows the angular distribution of the differential
cross sections for elastic scattering and inelastic scattering
to the first 27 state for both nuclei. Experimental data are
shown by the circles and the error bars include uncertainty
from statistical as well as systematic error. As the *6Ti target
was enriched about 84%, angular distributions for both elastic
and inelastic scattering in “°Ti include contribution from other

Ti isotopes, predominantly “Ti. Fits were carried out to the
angular distributions of the elastic scattering cross sections in
order to obtain potential parameters for a density dependent
single folding potential with a Woods-Saxon imaginary term
[12] and are shown in Fig. 1. Potential parameters obtained
for *°Ti were used as initial values in the fit to the elastic
scattering data for *8Ti. Table II shows the potential parameters
obtained and the parameters of the two-parameter Fermi
density distribution of the ground state for both nuclei [13].
Calculations with these potential parameter sets using electro-
magnetic B(E2) values [14] and collective model transition
potentials successfully reproduced the angular distributions of
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TABLE 1. The spectrometer angles (0y..) used for measuring the elastic and inelastic scattering
for “*8Ti. The number in parenthesis is the slit opening used (horizontal x vertical in degrees).

46y BTi
Elastic Elastic GR
Ospec 4°~26° (4 x 2) 0°,3.5° (4 x 4) 4°,6°,8° (4 x 4) 0° (5 x5)
29°,32°,35° (4 x 4) 4°,6° (4 x 4)

the differential cross sections for the first excited states for
each target as can be seen in Fig. 1.

Examples of inelastic scattering spectra for
are shown in Fig. 2. Inelastically scattered « particles
corresponding to an excitation energy range of ~9 to 55 MeV
were measured over the full solid angle of the spectrometer.
A continuum of events consisting of various reactions such as
multistep excitation, pickup-breakup, and knock-out reactions
as well as possible background from slit scattering is present
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FIG. 1. The angular distributions of the differential cross sections
for « particle elastic scattering and scattering to the first excited states
for “°Ti and “*Ti. The inelastic scattering cross sections are shown
multiplied by 0.1. The lines in both plots are the fits for the elastic
scattering and calculated inelastic scattering cross sections using the
reduced electric quadrupole transition probability B(E2) for the first
excited states.

above the particle decay threshold. This “continuum” was
assumed to start around particle threshold energies [15]
(E, =8 MeV and 9.4 MeV in “>*8Ti, respectively) and
increase smoothly. A “continuum curve” with a Fermi shape
to model particle threshold effects joining a line roughly
following the data above 40 MeV excitation separated the
events into a peak and a continuum. The solid lines in
Fig. 2 show the range of continuum curves assumed for the
analysis.

The giant resonance (GR) peak and the continuum were
divided into energy bins spaced evenly in excitation energy.
Angular distributions of the giant resonance peak and the
continuum for each energy bin were fitted with distorted
wave Born approximation (DWBA) calculations for isoscalar
L = 0 — 4 excitations. The transition density for L = 0 was
taken as the breathing mode [16] and for L >2 the Bohr-
Mottelson model [16] was used. The transition density for
the isoscalar giant dipole resonance (ISGDR) was given by
Harakeh and Dieperink [17], which was described for only one
of magnetic substates and must be multiplied by (21 + 1)'/? to
represent excitation of the ISGDR by « particles. The isovector
giant dipole resonance (IVGDR) contributions were small,
but were calculated from the known distributions [18,19]
and held fixed in the fits. The deformation lengths (BR)y
of transition potentials for each multipole were assumed to
be equal to nuclear matter deformation lengths (8c¢),,. The
calculations were carried out with the code PTOLEMY [20].
Input parameters for PTOLEMY were modified [21] to obtain a
relativistic kinematically correct calculation. Figures 3 and 4
show samples of angular distributions for the GR peak and
the continuum in *¢*3Ti, respectively. Also shown are the
multipole fits.

TABLE II. Folding model parameters obtained from fits to elastic
scattering and the density parameters (Fermi type) for the ground
state.

\% VI R[ A[ C a
(MeV) (MeV)  (fm) (fm) (fm) (fm)
40Tj 42.826 32.160  4.647 0.938 3.8401  0.550
48T} 33.699 32913  4.896 0.862 3.8185  0.550

044308-2



GIANT RESONANCES IN “648Tj

PHYSICAL REVIEW C 74, 044308 (2006)

60 60
s “1i 1y
= 40 40 -
5 Ocm = 1.12° Ocm =1.12°
S
)
2
N% 20 b 20 -
el

P gulany e e Y
0 % L 0 L
0 10 20 30 40 50 0 10 20 30 40 50

50 50

40 | 40 1
2 “1i 1y
=
% 30 Ocm = 4.37° 30 Ocm = 4.53°
g
5
g 20 - 20
)
el

10 - 10 ol

. % | ) /
0 10 20 30 40 50 0 10 20 30 40 50
Ex (MeV) Ex (MeV)
FIG. 2. Excitation energy spectra for **Ti. Experimental data are shown by the histograms. The solid lines in the figures show the range

of continuum curves chosen for the analysis.

III. RESULTS AND DISCUSSION

EWSR strength distributions were obtained with several
choices of the continuum curves. To determine the influence
of the choice of continuum on the distributions, the amplitude,
slope, and thresholds of the continuum curves were changed.
Weighted averages of the strength distributions obtained are
shown in Fig. 5. The error bars consist of the errors obtained
from the fit and the errors due to the choice of the continuum
curve determined from the standard deviation of the different
strength distributions [22]. The uncertainty was determined
for each multipole in the multipole fit by incrementing
(or decrementing) that strength, then adjusting the strength
of the other multipoles to minimize total x2. This continued
until the new x? was one unit larger than the total x>
obtained for the best fit. The errors on the strength dis-
tributions were obtained by adding the standard deviations
between the results obtained from the different continua
choices to the errors obtained from the multipole fits in
quadrature.

GR peak cross sections obtained after subtracting contin-
uum curves had poor statistics above 32 MeV in excitation
energy. The angular range measured for “Ti was limited,
so that the L = 3 component was not separated from higher
multipoles. The experimental data were not analyzed above
E, =39 MeV because « particles from the pickup-breakup

reaction °Li — « + p) would be in the spectrum above
39 MeV in both *Ti and *3Ti. Parameters obtained for
the strength distributions for each target are listed in
Table II1.

Angular distributions of the continuum were also fitted
with the DWBA calculations to see if there were obvious
peaking in the multipole strength functions obtained from the
continuum that might be attributed to multipole resonances.
About 10% or less of EO EWSR was obtained in a small bump
around 18 MeV which died off above 26 MeV. This is included
in the EO strength distributions shown in Fig. 5. The strength
distributions for other multipoles extracted from the continuum
distributions increased monotonically at higher excitation and
are likely dominated by contributions from different reaction
mechanisms.

A total of 71 4+ 15/—12% and 96 + 14/—12% of the EO
EWSR, including both the peak and the continuum contri-
butions, were found with a centroid (m;/mg) of 18.66 +
0.65/—0.25 MeV and 18.80 + 0.45/—0.18 MeV in “°Ti and
“8Ti, respectively. EQ strength in both nuclei is concentrated
in a Gaussian-like peak that tailed to higher excitation. Such
tailing was not observed for heavier targets [22,23], but
has been observed and predicted in 3Ni [6,24] and *°Zr
[25,26] and might be an indication of a fragmentation of the
strength.
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TABLE III. Parameters obtained for isoscalar multipole giant resonances in *%-48Ti.

46T Moments

EO Error E1l Error E2 Error E3 + higher Error
my 0.71 +0.15 0.46 +0.12 0.60 +0.11 0.73 +0.11
(Frac EWSR) —-0.12
my/mgy 18.66 +0.65 22.77 +0.43 16.38 +0.17 21.38 +0.14
(MeV) —0.25 —0.40 —0.14
rms width 5.12 +1.24 791 +0.20 3.47 +0.51 7.93 +0.18
(MeV) —0.36 —0.44
(m3/m)'/? 20.47 +1.41 26.44 +0.65 17.39 +0.50 25.18 +0.25
(MeV) —0.49 —0.62 —0.43
(my/m_)"? 18.10 +0.50 21.36 +0.31 16.05 +0.12 19.98 +0.12
(MeV) —0.20 —0.28 —0.10
STy Moments

EO Error E1l Error E2 Error E3 Error
m 0.96 +0.14 0.56 +0.12 0.87 +0.11 0.43 +0.11
(Frac EWSR) —0.12
my/mg 18.80 +0.45 23.85 +0.40 16.94 +0.17 24.84 +0.27
(MeV) —0.18 —0.36 —0.14
rms width 4.51 +1.27 7.02 +0.21 3.72 +0.60 7.25 +0.20
(MeV) —0.20 —0.17 —0.46
(m3/m)'/? 20.25 +0.99 26.76 +0.57 18.07 +0.44 28.12 +0.39
(MeV) —0.28 —0.50 —0.35
(my/m_)'? 18.33 +0.36 22.69 +0.32 16.55 +0.12 23.18 +0.20
(MeV) -0.15 —0.29 —0.10

The E2 strength in “®*3Ti was centered at 16.38 +
0.17/—0.14 MeV and 16.94 4- 0.17/—0.14 MeV and exhausted
60+11% and 87%+11% of the E2 EWSR, respectively. The
shape is almost Gaussian. The E2 strength is somewhat
sensitive to continuum choices and changes about +7%
when the continuum curves were chosen within the range
shown in Fig. 2, however, this had little effect on the peak
energies.

The E3 strength in nuclei is split into two modes,
the low-energy octupole resonance (LEOR) and the high-
energy octupole resonance (HEOR). Approximately 75%
of the E3 EWSR should be in the HEOR [27]. A total
of 43+£11% of the E3 EWSR in ®Ti was located with a
centroid 24.8440.27 MeV and consists of two components.
The high excitation component (39+11%) is centered at
27.89+0.33 MeV. The “missing” strength may be subtracted
out as part of the continuum or some could be above E, =
39 MeV. The E3 strength in *°Ti could not be separated from
higher multipoles due to the limited angular range, but if all of
the observed strength is assumed to be L = 3, then it would
correspond to 73+£11% of the L = 3 EWSR. The centroid of
the strength is 21.38+0.14 MeV.

A total of 46+12% and 56£12% of the isoscalar E'l
EWSR in *68Ti was located with centroids of 22.77 + 0.43/—
0.40 MeV and 23.85 4+ 0.40/—0.36 MeV, respectively. The
strength distribution was spread from 10 MeV through around

38 MeV. The E1 strength consists of two components which
have been observed from light to heavy nuclei [5,8,22,23,28].
The high-energy component is the compression mode [29],
while it has been suggested that the low-energy component
might be a “toroidal giant dipole mode” [30,31]. The E'1 dis-
tributions were fit with two Gaussians and parameters obtained
are shown in Table IV. The low-energy components in 4643Ti
have 10£4% and 13£5% of the E1 EWSR, respectively, with
centroids of 15.940.3 MeV and 16.8+£0.3 MeV, respectively.
The high-energy components contain 344+10% and 4349%
of E1 EWSR with centroids of 28.3+0.7 MeV and 28.8 +
0.8/—0.7 MeV in “¢*8Ti, respectively.

The energies of the high-energy components of the E'1
strength in both nuclei are much lower than expected from
scaling model calculations ((m3/m)"/?> ~ 35 MeV) [4]. Since
considerably less than 100% of E1 EWSR was located in *6Ti
and *8Ti, it is likely that some of the E1 strength is located
above the E, = 39 MeV.

Figure 6 shows the mass dependence of Egmgr in
40Ca and ¥Ni together with theoretical calculations obtained
in the scaling model using the leptodermous expansion of the
finite-nucleus incompressibility K 4. Non-relativistic calcula-
tions using the extended Thomas-Fermi (ETF) approximation
with the SkM* Skyrme interaction (Kny = 216.6 MeV)
by Nayak et al. [7] and relativistic calculations using the
relativistic mean-field (RMF) theory with the NLC interaction

46’48Ti
9
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TABLE IV. Parameters obtained with Gaussian fits for isoscalar multipole giant resonances in *6*3Ti,
46T Gaussian fits
EO Error E1l Error E1l Error E2 Error
Peak 1 Peak 2
Centroid (MeV) 18.44 +0.25 15.94 +0.31 28.30 +0.68 16.79 +0.19
FWHM (MeV) 9.23 +0.10 6.34 +0.63 14.35 +0.65 7.66 +0.11
—0.50 —-0.79
Fraction EWSR 0.62 +0.11 0.10 +0.04 0.34 +0.10 0.59 +0.11
BTj Gaussian fits
EO Error E1l Error E1l Error E2 Error
Peak 1 Peak 2
Centroid (MeV) 18.73 +0.23 16.75 +0.31 28.82 +0.78 17.47 +0.20
—0.28 —-0.72
FWHM (MeV) 8.28 +0.05 7.27 +0.22 12.44 +0.56 7.62 +0.12
—-0.24 —0.68
Fraction EWSR 0.84 +0.11 0.13 +0.05 0.43 +0.09 0.83 +0.11
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(Knm = 224.5 MeV) by Chossy and Stocker [32] are also
shown in Fig. 6. The GMR energies for “°Ca, 46Ti, and *3Ti
are in good agreement with the non-relativistic theoretical
calculation whereas that for *®Ni is well above the calculation.
The predictions using the RMF calculations with the NLC

Oc.m. (deg)

interaction are in agreement with the *Ni energy [6] but are
higher than the data for “°Ca, “°Ti, and *Ti. The Egyr was
obtained from the theoretical finite nucleus incompressibility
K4 using the rms charge radius, which is available from
experiments, rather than the rms matter radius.
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FIG. 5. (Color online) Strength distributions obtained for **Ti are shown by the histograms. Error bars represent the uncertainty due to
the fitting of the angular distributions and different choices of the continuum as described in the text. The smooth lines show Gaussian fits.
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with a Skyrme interaction (SkM*) [7] and solid squares show results
obtained using the relativistic mean-field (RMF) theory with the NLC
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IV. CONCLUSIONS

The GMR in “*Ti was investigated using inelastically
scattered 240 MeV « particles. A total of 71 + 15/—12%
and 96 + 14/—12% of the EO EWSR was observed in *°Ti
and “3Ti, respectively, with a tail on the higher excitation

PHYSICAL REVIEW C 74, 044308 (2006)

energy side. Such an asymmetric shape was also observed
in nuclei around mass 60 [6] and in *°Zr. E2 strength in
4Ti and *®Ti was identified in a Gaussian peak containing
60+11% and 87+11% of EWSR, respectively. The isoscalar
E1 strength in ““*Ti consists of two components as in
heavier nuclei. A total of 464+12% and 56£12% of the E1
EWSR in “Ti and “*Ti was found, respectively, and these
are consistent with that found in *°Ca (21 + 3/—7%)'and
3BNi (68 + 20/—15% [6]). About 40% of HEOR in *3Ti was
identified with a centroid of around 28 MeV and about 70% of
L >3 strength in *°Ti was identified with a centroid of around
25 MeV. The GMR energies in the Ti isotopes are described
well using the leptodermous expansion to interpolate energies
calculated for other nuclei with the SkM* interaction (Kxv =
216.6 MeV) which also reproduces the **Ca GMR energy.
However the GMR energy in *®Ni is substantially higher than
predicted.
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Tt was reported that the total E1 EWSR in % Ca was 62+
10/—20% [15]. However this was obtained taking only one magnetic
substate into account in the transition potential [17].
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