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Abstract Data from a previous study of ''°Cd with the
(n,n'y) reaction with monoenergetic neutrons have been
reanalysed with the aim of identifying additional low-
intensity y-ray transitions. The data set included excitation
functions measured with neutron energies between 1.94 and
3.34 MeV, and y -ray angular distributions performed at neu-
tron energies of 2.6, 2.9, and 3.2 MeV. A total of 162 y rays
were placed in a level scheme comprising 69 levels (of which
58 y-ray assignments and 10 levels are newly established)
up to 3.3 MeV in excitation energy. Lifetimes, or limits, were
established for many levels using the Doppler-shift attenua-
tion technique allowing for the determination of an extended
set of transition rates.

1 Introduction

The stable cadmium isotopes continue to provide a testing
ground for nuclear structure models. Long believed to be
prime examples [ 1-3] of spherical vibrational motion, analy-
sis of the extensive systematic data that are available resulted
in this interpretation being called into question [4,5]. Further
work [6,7] put forward the hypothesis that the mid-shell Cd
nuclei possessed multiple shape coexistence — an interpreta-
tion that was also suggested for '°°Cd [8]. The similarity of
the level schemes and the level decay properties led to the
suggestion [9] that multiple shapes occur through the mid-
neutron-shell Cd isotopes.

Much of the data used in the systematic evaluation of
the structure of the Cd isotopes was obtained with the
(n,n’y) reaction with accelerator-produced neutrons (see
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Refs. [10-20] for results on !10-112.114.116¢q respectively).
The (n,n’y) reaction can provide extensive spectroscopic
data, including level lifetimes via the Doppler-shift attenu-
ation method [21], and comprehensive level schemes since
the reaction is dominated by the compound-nucleus mech-
anism for low neutron energies [22]. In principle, all states
in the nucleus up to an angular momentum of approximately
67 should be populated with sufficient cross sections to be
observable. As the neutron energy increases, however, the
increasing complexity of the y-ray spectrum can make the
identification of decay y rays difficult. For '?Cd, it was
argued in Ref. [15] that nearly all levels up to ~ 3.4 MeV
in excitation energy and with / < 6 were observed; at 3.4
MeV a noticeable departure from the expected exponential
increase in the cumulative number of levels was noted. An
examination of the results of the previous analysis [11] of the
110Cd(n, n'y) reaction, however, suggests that a comprehen-
sive level scheme for '°Cd had not been developed to the
same degree as ''?Cd. For example, there are many levels
listed in the Nuclear Data Sheets [23] that are not listed in
Ref. [11]. As well, specific excitations, such as the low-lying
negative-parity states that have been observed in ''?Cd and
14d with the (n, n’y) reaction [14,18], have also gone unre-
ported. These facts raised one of two possible conclusions;
either the (1, n'y) reaction was not populating all of the lev-
els, which was considered unlikely, or the previous analysis
may have been incomplete.

The study by Corminboeuf et al. [10,11] of ''°Cd was
motivated by the desire to characterise the three-phonon
states that had been assigned by Kern et al. [3,24]. As such,
it was focused on the three-phonon region, at energies up to
2.5 MeV, rather than the development of a comprehensive
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level scheme. In the present work, data from the previous
10Cd(n, n’y) reaction study have been reanalyzed. Initial
results, focused on the assigned multi-phonon states and uti-
lizing the yy coincidences from a B-decay study of ''°In,
were published in Ref. [25]. While only two additional transi-
tions were placed amongst the low-lying levels, upper limits
on branching ratios were determined on possible remaining
transitions. These upper limits revealed that only the transi-
tion from the 6;“ member of the ground-state band to the 43+
state of the 2p — 4h proton intruder configuration [24,26—
28] is enhanced. The decay of the intruder band head, the 05
state, has an upper limit of B(E?2; 0;‘ — ZT) < 40 W.u. and
may be enhanced as well [25]. All other possible transitions
were either not enhanced, with B(E?2) values on the order of
afew W.u. or less, or unobserved with upper limits of at most
several W.u. [25]. The results were used to conclude that the
mixing between the phonon states and the intruder configu-
ration, which had been suggested [10,28,29] to be maximal
in order to reproduce the decays of the 02+ and 0; levels,
was, in fact, weak. This was in line with earlier suggestions
by Julin et al. [30] based on the analysis of ,02(E0) values
in 12:114Cd, Fahlander et al. [31] based on ''*Cd Coulomb-
excitation results, and the possibility was raised by Casten et
al. [32] based on lifetime measurements in 14Cd.

Following the initial result of Ref. [25] exploring the
intruder-phonon mixing, more extensive analysis combining
the (n, n’y) data and that from the '°In decay were used to
establish a series of rotational-like bands in ''19Cd that were
interpreted in a multiple shape-coexistence scenario [6,7].
This interpretation was a radical departure from the spher-
ical multi-phonon vibrational interpretation that has been
questioned not only in the Cd isotopes, but in many of the
U(5) symmetry candidates [3] in the region [33]. However,
the vibrational interpretation was revived invoking a partial-
dynamical symmetry [34] that preserves the U(5) symme-
try for some of the levels, while strongly perturbing it for
others [35,36]. This approach reconciled the experimentally
observed violation of the normal phonon selection rules for
y-ray decays with the vibrational interpretation by, in effect,
exchanging the positions of the 0 and 2% two and three
phonon states with the three and four phonon states, respec-
tively.

The suggestion of an alternative interpretation of the struc-
ture of '°Cd as possessing multiple shape coexistence has
spurred extensive investigations using Coulomb excitation
which has included the use of *N, 325, %Ni, and 2%8Pb
as binary reaction partners. The first results [37,38] of the
campaign using beams of N and 3?S determined the (Q?)
and (Q3 cos 38) invariant quantities [39,40] for the ground
state, leading to ,B(OT) ~ 0.17 and y = 23°, i.e., a triaxial
shape. For the O;‘ state, the (Q?) was determined leading to
,B(OEL ) & 0.19. These results indicate that the overall defor-
mation of the ground state and the intruder band head are not
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significantly different, but the shape of the intruder 0% state
remains unknown. The analysis of the Coulomb-excitation
data is greatly facilitated by including complementary data
such as measured transition branching ratios, multipole mix-
ing ratios, and level lifetimes. Since the use of high-Z part-
ners can lead to the population of a myriad of levels to both
high spin and high excitation energy, the development of a
comprehensive level scheme is paramount, motivating the
current reanalysis which has resulted in a total of 162 transi-
tions placed in the level scheme of H0Cd, with 10 new levels
observed and a refinement of spin-parity assignments for sev-
eral others. The details of the reanalysis and the results are
presented in Sect. 2, with an interpretation of the levels in
Sect. 3.

2 Experimental details and results

As the data presented herein arises from the same experiment
as outlined by Corminboeuf et al. [10,11], and partial results
of the reanalysis were published in Refs. [6,7,25], the exper-
imental details will not be repeated at length here. Rather, we
concentrate on the differences in the analysis.

In any particular experiment, a single HPGe detector
equipped with an annular BGO Compton-suppression shield
was used. The HPGe detectors had either 52% or 57% rela-
tive efficiency, and a full width at half maximum between 1.9
and 2.0 keV at 1332 keV, depending on the experiment. The
amplified detector signals were processed by a 16k-channel
AD114 Ortec amplitude-to-digital converter. The gain on the
amplifier was adjusted to achieve the greatest possible dis-
persion (i.e., channels/keV) while providing full coverage
of the possible y rays emitted in the measurements. The
non-linearity of the detector plus data acquisition system
was determined through the use of radioactive sources of
152y, 226R 4 and 3°Co. For the angular-distribution measure-
ments, the in-beam data were collected simultaneously with
%0Co and %*Na sources that, together with the well-known
657.8 keV y-ray transition in ''°Cd, provided the absolute
energy calibration following corrections for the system non-
linearity. The simultaneous collection of radioactive-source
data also enabled a sensitive monitoring of potential gain
drifts.

For the lifetime determinations, the y-ray energies were
fitted with

Ey(0) = E [1 + BF (1) cosf] (1)

where E,, (6) is the observed y -ray energy at an angle 6 with
respect to the forward recoil direction, taken to be the beam
direction, E?) is the unshifted y-ray energy, and g = v/c is
the recoil velocity in the center-of-mass frame. By examining
the energy of a y ray as a function of angle, the attenuation
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Fig. 1 Examples of fits of unresolved y-ray peaks. Panel a) displays
the region near the 1163.2-keV y ray that is unresolved from the 1164.9
keV y ray. The data were obtained for a neutron bombarding energy of
2.9 MeV and with the detector positioned at an angle of 40° with respect
to the proton beam axis. The black histogram are the data that result
from a subtraction of the out-of-beam background from the data taken
coincident with the proton beam pulse. The fluctuation observed near
1173 keV is the net result of the subtraction for a very large peak due
to the 1173.2-keV y ray from a %°Co source. The red histogram is the
result of a fit of the spectrum, with the peak centroids indicated by blue
markers, and the linear background given in magenta. The histogram
in green is the residual defined as the difference in the observed data
and fit histograms divided by the square root of the number of counts

factor F(t) can be obtained, and the lifetime 7 of the state
can be determined [21] by a comparison with the F (t) value
calculated using the Winterbon formalism [41]. The fit also
yields the most accurate measure of the y-ray energy, EJ.
There are two main areas of improvement in the analy-
sis of the experimental data. Firstly, care was taken to ensure
consistency of fits of observed peaks across the many spectra
obtained from the experiment. This included the fixing of the
peak-shape parameters (the model of the peak shape used is
that of Kern et al. [42]). Whenever possible, identical sets of
parameters were used for fitting the spectra that arose from a
particular experimental run; in only a few cases did the width
as a function of channel number of the Gaussian used to fit
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of the black histogram. Panel b) shows the resulting spectrum collected
at & = 153°. The small peak at 1189 keV observed in the 6 = 40°
spectrum (a) originates from an angle-dependent, prompt, background
line. Panel ¢) and d) display the measured peak energies for the 1163.2-
keV y ray and the 1164.9-keV y ray, respectively. The F(t) values
that result from the fit using Eq. 1 (red line) are given. The data for the
1164.9-keV y ray has a F(t) value consistent with 0, with a maximum
difference in the measured energies of 131 eV and standard deviation
of 42 eV. The average uncertainty on the measured energy is 55 eV.
Panels e) and f) show the extracted angular distributions for the two y
rays, and the red curves are the fit to the data using Eq. 2. The data are
plotted versus cos? 0, where the negative sign indicates angles greater
than 90°

the peaks need to be adjusted, and these adjustments were
very minor. Whenever possible, the number and approxi-
mate positions of the peaks in a fit region of the spectrum
were kept constant from angle to angle (for the angular dis-
tributions). Figure 1 displays a small portion of the observed
y-ray spectra taken in the angular distribution measurement
at E, = 2.9 MeV. We focus on the fits for an unresolved pair
of y rays at 1163.2-keV and 1164.9 keV that aptly display
the ability to extract reliable data. The peak-shape parame-
ters, that were fixed by a global fit to data from well-resolved
peaks across the full range of the spectrum, reproduce the
shape of the peak at 1186.2 keV extremely well, with panel
a) displaying the data taken at a detector angle of 8 = 40°,
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and panel b) those at & = 153°. The resulting y-ray ener-
gies extracted from the peak centroids are shown in panels
c) for the 1163.2-keV peak and d) for the 1164.9-keV peak.
The F(7) value for the 1164.9-keV y-ray peak has a small
negative value consistent with zero, with the maximum dif-
ference in the measured energy of 0.131 keV corresponding
to approximately 0.6 channels. The resulting angular distri-
butions are shown in panels e) and f) and show that despite the
unresolved nature of this particular pair of y rays, individual
angular distributions can still be extracted.

In order to test of the accuracy of both the y-ray centroid
shift measurements, as well as the absolute y-ray energy
determinations, the 1173.228(3)-keV [43] y-ray line from
%0Co was not used in the calibrations for the angular dis-
tribution measurements. For the three angular distributions
using 2.6 MeV, 2.9 MeV, and 3.2 MeV neutrons, energies
EY of 1173.246(6) keV, 1173.201(3) keV, and 1173.235(5)
keV were determined with F(tr) values of —0.008(11),
—0.004(6), and 0.014(10), respectively. The uncertainties on
the energies result from the fit performed using Eq. 1 with
uncertainties of the y-ray energies for each angle determined
with a full covariance matrix calculation. For intense, well-
resolved y-ray peaks, very similar spreads in the absolute
energies were observed and we thus recommend that a 20
eV systematic uncertainty be applied to the y-ray energies
listed in Table 1. The F(t) values extracted for the 1173.2-
keV y-ray peak give an indication of the limitation of the
method in the present case. For small F (7) values, and hence
long lifetimes, further experiments should be performed to
confirm or refine the present results.

New peaks in the observed y-ray spectra had to be intro-
duced, by necessity, with angle-dependent backgrounds or
with the increasing neutron energy. For the latter, once a
peak was positively identified and introduced they were not
removed in the spectra obtained at higher neutron energies.
This became important as the complexity of the spectra
increased and the probability of peaks becoming members
of unresolved multiplets also increased.

The second main area of improvement in the data anal-
ysis was in the identification of weak peaks in the spectra.
A large number of very small peaks that were overlooked in
the previous analysis were included in the present work. The
identification of these low-intensity y rays enabled assign-
ments of additional transitions from levels, thereby increas-
ing the confidence of their placement and the existence of the
levels. Figure 2 displays portions of the spectra collected at
neutron bombarding energies of 2.14 MeV (upper panel) and
2.94 MeV (lower panel) during the excitation-function mea-
surement. The red lines indicate newly-placed y rays that
were not reported in Refs. [10,11]. As in the previous work
[10,11], a serious weakness is the lack of yy coincidence
data. Weak transitions from low-lying levels could be veri-
fied using y y coincidence data from the 8 decay of '1%In, as
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reported in Ref. [25]. Since that decay was dominated by the
101 7% ground state, its sensitivity to low-spin, highly non-
yrast states was compromised and above approximately 2.5
MeV there is a decreasing overlap between levels observed in
the present (n, n’y) reaction data and the B-decay data. The
sole reliance on excitation function data and Ritz combina-
tions can thus lead to uncertainties in the placements of transi-
tions, particularly for transitions that do not feed the Ofr or 2?’
states.! For this reason, the present work reports in Table 1 on
all levels and placements of transitions below 3 MeV. Above
this excitation energy primarily only the y-ray decays to the
ground state and first 27 state are reported and an increas-
ing number of observed transitions remain unplaced, which
are reported together with their neutron threshold energy in
Table 2.

The results listed in Table 1 report the F(r) and life-
time values extracted from the data obtained with the low-
est neutron bombarding energy for which the transitions are
observed with sufficient intensity. For the majority of states
for which lifetimes are reported, the feeding from states
at higher excitation energy is negligible. However, feeding
may affect the lifetimes extracted for levels at low excitation
energy even in the case of data obtained at 2.6 MeV. The only
case, discussed below, where we ascertain that feeding may
have a significant impact on the extracted lifetime is for the
1475-keV 25 level.

Lifetimes deduced in the present analysis are, in general,
in good agreement with those of the previous analysis [11]
with the largest deviation occurring for the 2220-keV 42+

level that has a lifetime of 1510121‘%30 fs from the present

analysis compared with 970#2‘%8 fs [10,11]. The inconsis-

tency in the lifetime values is due to differences in the fits for
the 677.6-keV transition with the inclusion of a small peak
due to a background line at 679.7-keV; the present measure-
ment is F(t) = 0.024 £ 0.010, whereas Corminboeuf et al.
[11] obtained F(t) = 0.040 4 0.014. Other lifetimes com-
pare very favourably, although the uncertainties have been
reduced considerably for most levels. For example, the fits
for the y rays originating from the 1783-keV level yield an
identical result T = 1160 fs, but the uncertainties are reduced
from (4490, —270) [11] to (4170, —140) fs. Examples of
the presently extracted Doppler shifts are shown in Fig. 3. For
the 1473-keV and 1731-keV 01 levels, limits on lifetimes
greater than 1.8 ps and 2 ps, respectively, are obtained. For
the 2480-keV 67 level, the data are inconsistent between the
2.9-MeV and 3.2-MeV angular distributions with the former

! The results of the analysis of the excitation-function data are very sen-
sitive to the presence of unresolved y -ray peaks through the examination
of the peak centroid and branching ratio as a function of bombarding
neutron energy, as well as sudden changes in the smooth evolution of the
y-ray yield. A constant measured y-ray energy and consistent branch-
ing ratio, but a sudden increase in the yield, may reflect feeding of the
level from a higher-lying state.
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Table 1 Results for 1'°Cd from the (n, n’ y) reaction. The first two
columns list the recent evaluated level scheme [23]. Uncertainties are
listed in parentheses. The y-ray energy uncertainties are statistical only,
and do not include an estimated 20 eV systematic uncertainty (see text
for details), but this has been taken into account for the determination
of the level energies. The I, values are the relative intensity of the
observed y rays for each level, normalized to 1.0. For some transitions,
the angular distribution analysis leads to ambiguities in the value of the

mixing ratio §; the second value listed has a larger x? value, but cannot
be excluded. The F(7) value listed for a level is the weighted average
of the values observed for individual y rays from the level. The last
column indicates if the level (L) or the y-ray placement (y) is new to
the present study; a n.o. listing indicates that the level was not observed
and concluded not to exist. Levels listed under NDS but without a n.o.
entry are unobserved in the present study, but their non-existence cannot
be concluded

NDS E; NDS I7  E; I’ E, Ey r ) F(7) T New level
(keV) (keV) (keV) (keV) (fs) ory
657.7623(11) 2+ 657.7623(11)* 2 657.7600(11)% 0.0 0/ 1.0
1473.07(3) 0% 1473.088(21)  0F 815.323(3) 6578 2f 1.0 0.011(9) > 1800
1475.7900(14) 2+ 1475.806(11) 25 818.034(3)  657.8 2] 0.643(10)* —2.17703% 0.0194)  195013%
14757998) 0.0 0] 0.357(10) 16001700 €
1542.4441(14) 47 1542.444(16) 47 884.688(3) 657.8 27 1.0
1731.313) 0% 1731.314(19)  0F 255.547(15) 14758 2§ 0.1438)" ~0.003(7) > 2000
1073.549(7)  657.8 2] 0.857(8)"
1783.496(15) 2+ 1783.559(14) 27 307.8¢ 14758 25 < 0.0009° 0.032(4) 1160770
310.515(38)  1473.1 0F 0.0037(4)
1125789(5)  657.8 2] 0.772(8)"  0.18675 0%
1527005
1783.583(14) 0.0 0 0.224(6)
1809.48(9) 4% n.o.
2078.548(11) 3~ 2078.875(31) 37 295.3¢ 1783.6 2 0.0100(7) 0.047(5) 75014
603.067(5) 1475.8 25 0.135(5°  0.036700:5 630750 ©
1421.1¢ 657.8 27 0.855(5)¢
2078.80(5) 0t 2078.892(21)  0f 295.3¢ 1783.6 27 0.79121)°
603.14 14758 27 <0.18%
1421.14 657.8 27 0.20921)
2162.8015(15) 3* 2162.822(19) 3] 379.2¢ 1783.6 27 < 0.003 0.022(6) 16407750
620.30020)  1542.5 4f 0.1174)"  —0.36759¢
193402
687.004(4) 1475.8 257 028709  —1.79(10)
1505.046(11)  657.8 27 0.596(10)" —1.477519
2184(2) (1) n.o.
2198(2) 2+, 3+ n.o.
2220.0683(14) 4% 2220.106(19) 45 436.5¢ 1783.6 27 < 0.0003 0.024(10)  1510734°
677.623(4) 15425 47 0.63009)° —0.41(3)
744307(10) 14758 25 0.293(9)°
1562.324(52)  657.8 2 0.076(3)
2250.554(11)  4F 2250.578(23) 47 466.997(16)  1783.6 2§ 0.1044) 0.033(9) 1080753
708.122(4) 15425 47 0813(6)  0.131700%
774.91(12) 1475.8 24 0.0160(7)?
1592.824(58)  657.8 2{ 0.067(3)°
2287.63(11) 2% 2287.485(30) 2 1629.711(10) 657.8 2] 1 2227049 0.085(5) 395730
0,027
2331.924) ()T 2331.92029) 0 548275(51)  1783.6 27 0.0335(20) 0.013(9) 28007330
856.074(55) 14758 25 0.0425(25) y
1674.182(15)  657.8 2] 0.924(3)
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Table 1 continued
NDS E; NDS I E; I E, E; I}’ I, 8 F(7) T New level
(keV) (keV) (keV) (keV) (fs) ory
2355.792(19) 27F 2355.753(25) 24 57224 1783.6 23  <0.006 0.070(6) 484751
624.364(36) 17313 0f  0.0416(11)
813.3¢ 15425 4F  <0.03
880.0¢ 1475.8 25 0.0217(13)" 0.66703
882.7¢ 1473.1 03 <0.017
1698.029(12) 657.8 2 0.9367(16)" 2.7(3)
005000
2365(2) 2+ n.o.
2377(2) 4+ n.o.
2381(2) n.o.
2385(2) 2" n.o.
2405(2) (0*,27) n.o.
2433.248(25) 3* 2433.227(24) 35 270.379(53) 2162.8 3f 0.0512) = 2473 0.01009) > 1900 y
354.251(58) 2078.9 37  0.012(2) %
890.723(34)  1542.5 47 0.1243)  —0.531923
957.439(8) 14758 25 05444  —1.75T013
1775.498(44) 6578 2] 02694)  —4.67])
2477.41(5)  2* 2477.405(18) 2 314.594(78) 2162.8 31 0.060(1)  —0.3070%  0.0098) >2000 y
199748
398.497(7) 20789 3,7 0.098(2) %
746.140(12)  1731.3 0]  0.138(2)
1001.545(37) 14758 25 03182)  —0.15779%}
~4.0%08
1004.55(14)  1473.1 0F  0.050(16) %
1819.646(25) 657.8 2 0.053(1)  3.82%0%
2477.366(16) 0.0 0f  0.284(3)
2479.9339(25) 6% 2479.787(43) 6F 229.4¢ 2250.6 47  0.00051(3)°
259.94 2220.1 4f < 0.0001°
937.511(44) 15425 4}  0.99949(3)?
2481.606(20)  (2+) 2481.641(31) 3, 402.626(39) 20789 37 0.1232)  0.23%073 0.060(8) 56675
697.973(10) 1783.6 27 0.121(3)  0.016(47)
1005.749(23) 14763 25  0.249(2)  0.030(33)
1823.759(7)  657.8 2{ 0.508(3)  0.00970 032
2539.691(6) 5~ 2539.641(31) 5, 460.715(59) 2078.9 3,  0.033(4) 0.023(17)  1550735:°
997.196(6)  1542.5 4F  0.966(4)  0.000(16)
2561.284(9) 4t 2561.255(22) 47 1018.801(21) 15425 47  0.131(4) 4278 0.026(12) 13307 38°
0574817
1085.486(6) 14758 23 0.704(4)
1903.383(25) 657.8 2§  0.165(3)
2566.47(6)  (27,3) 2566.468(18) 37 782.937(14) 1783.6 2§ 0.097(1)  —25%1 0.044(8) 7717718
0.15(4)
1090.654(7) 14758 23  0269(2)  0.33(3)
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Table 1 continued
NDS E; NDS 1" E; 17 E, Ey I}T I, 8 F(7) T New level
(keV) (keV) (keV) (keV) (fs) ory
1908.665(7) 657.8 27  0.634(2) 0.20(2)
26332009) 2* 2633.050(22) 2 554.16227) 20789 37 / 0.042(2) 0.157(8) 1947} y
1157.274(56) 14758 25 0.0312) 3.77%
01412
1159.983(35) 1473.1 05  0.048(2) y
1975.250(7)  657.8 2f  0.8703) 0.272700:°
126!
2633.1(1) 0.0 0  0.0093) y
2649.95(6) 1~ 2649.743(32) 17 1176.590(25) 1473.1 0F  0.055(3) 0.5129)  36(1)
2649.763(24) 0.0 0  0.945(3)
2659.866(7) 5~ 2659.861(40) 5, 409.402(87) 2250.6 4  0.104(15) —0.02707  0.032(52) >384
1117.399(20) 15425 47 0.896(15) —0.003(31)
2662.13(10)  0* 2662.010(18) 0F/3} 184.686(33) 2477.4 2} y
306.324(29) 2355.8 27
441.892(9)  2220.1 4f —0.009100%°
~6.9733
878.497(41) 1783.6 27 y
1119.7(1)  1542.5 4F —0.05(16) y
-5.872)
1186.156(9) 1475.8 27
2004.205(15) 657.8 2]
2705.669(10) (4+) 2705.650(38) 4% 1163.199(15) 15425 4F 1.0 1187939 0.13930) 22176}
—0.04(7)
2707.397(8)  (4%) 2707.389(26) (47) 544.589(13) 2162.8 37  0.296(6) 0.0147003 ¢ —0.036(34) > 1000
628.552(38) 2078.9 37  0.142(6) 0.19(7) ¢ y
13150 ¢
1164.890(17) 15425 4 0.563(8) 0.027012 ¢
2758.25(8)  27,(1,2,3)" 2758.219(39) 27 974.794(39) 1783.6 25  0.085(5 0.03%03} 0.11922)  262%§] »
1282.384(14) 14758 25 0.670(6) —0.0670 0%
2100.376(32) 657.8 2  0.2456) —0.01(9)
2787.49(4)  2* 2787.251(36) 2 2129.467(17) 657.8 2f  0.953(10) 0.207007 0.491(18)  38(3)
L4633
2787.44) 0.0 0  0.046(10)
2793.441(7) (41 2793.480(34) 45 573323(34) 2220.1 47 0.342(39) —0.9193
630.597(56) 2162.8 37  0.309(50) —1.5"}]
-0.7193
71454 2079.0 3; !
1251.078(25) 15425 4 0.34936) —0.11752)
19553
2813(3) n.o.
2834(3) 3t 4% n.o.
2842.682(10) (57) 2842.662(42) 5;  1300.209(20) 15425 4f 1.0 —0.03670:032 —0.003(70) > 500
2869.114(23) 1+, 2+ 2869.272(40) 25 1085.6¢ 17836 25 ! 0.404(26) 55
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Table 1 continued
NDS E; NDS I E; I7 E, Ey I}’ I, 8 F(7) T New level
(keV) (keV) (keV) (keV) (fs) ory
1393.74(10) 14758 2F 0.041(5)  0.040(5)
1396.0% 1473.1 05 0.032(4) y
2211.463(24) 657.8 2] 0.912(30)  0.12*512
18270
2869.04(22) 0.0  0f 0.015(2)
2876.812(10)  6F 2876.51(30) 65  1334.06(22) 1542.5 4] 1.0
2895.948(13) 6~
2916.337(49) (3%) 837.50(7) 20789 3, 0.112(24) >250 Lly
1132.795(55) 1783.6 2f 0.256(12)  —3.8719 y
~0.15551
1373.825(70) 15425 4f 0.246(14)  —0.167038 %
—3.1%5%
1440.48(14) 14758 25 0.118(43) %
2258.575(59) 657.8 2F 0.249(12)  0.03752!
—1178
2917.60(7)  2F34% 2917.899(60) (4%) 667.33(7)  2250.6 47 0.32(6) %
1375.544(49) 15425 4] 0.68(6) %
2926.7474(16) 5* 2926.809(47) 57 446.8¢ 24799 6] 0.0741(8)’ 0.129(83) 2407%
706.7¢ 2220.1 45 0.2275(20)!
763.924(31)  2162.8 3} 0.3337(25)/
1384.557(65) 1542.5 4f 0.3647(26)/
2938(3) 2+ n.o.
2960.379(67) 37  420.78(6)  2539.7 5 0.130(13) Ly
881.5¢ 20789 37 0.590(22) y
1176.74 1783.6 27 h y
1417.9209) 15425 4 0.280(20) %
2975.24(4) 1t2F 2975267(68) (2) 896.47 20789 0F/37 0.124(32)
2317.469(48) 657.8 27 0.822(34)  0.0670%
21755
2975.31(16) 0.0 0F 0.056(12)
20984.48(6)  (57) 2984.35(10) 1441.89(7) 15425 4] 1.0
2984.46(14)  2F3%  2984.578(32) (2*) 503.002(40) 2481.5 35 0.333(8) %
905.682(22)  2078.9 3, 0.424(9)
2326.89(9)  657.8 2] 0.243(6)
2991(3) 57)
2993.63(17)  (0%) n.o.
2994.07(8)  (3t4%) 2993.88(10) 3.4% 1209.86(13) 1783.6 27 0.265(9)
1451.63(8) 15425 4] 0.606(11)
1518.15(9) 14758 2f 0.129(9)
3008.4(7)? 1,2+ n.o.
3008.517(88) (5*) 788.39(10)  2220.1 47 0.317(45)
845.70(8)  2162.8 37 0.64(9)
1466.0 15425 4F 0.18(3)
3021(3) (1) n.o.
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Table 1 continued
NDS E; NDS 1* E; 17 E, Ey 17- I, 8 F(7) T New level
(keV) (keV) (keV) (keV) (fs) ory
3040(3) 0t 3042.92(9) 0t 1566.92(7)¢ 1475.8 2; 0.35(7)
2385.94(14)k 657.8 ZT 0.65(7)
3042.86(8) 1+ 3043.39(20) 1™ 1569.88(40) 1473.1 O;’ 0.088(20) y
3043.4(5) 0.0 OT 0.912(20)
3049.6(5) 04 2391.84(39) 657.8 2fr 1.0 L/y
3052(3) 2+ n.o.
3055.690(69)  3,.4F 1271.99(11) 1783.6 2; 0.113(19) Ly
1513.53(12) 1542.5 4T 0.292(9) y
1579.883(65) 1475.8 2; 0.549(25) y
2397.59(17) 657.8 2fr 0.064(6) y
3064.712(13) 6T 3064.27(26) 63+ 844.16(19) 2220.1 4; 1.0
3073(3) (1t2%) 3076.33(20) 1,2t (1603.23(14) 1473.1 0; 1.0 y)
3078.381(23) 10 3077.450(74) 1 1601.38(11) 1475.8 2; 0.183(10)
2419.71(6) 657.8 ZT 0.443(17)
3077.8(5) 0.0 OT 0.374(21)
3101.88(3) 2+ 3101.828(56) 1023.071(62) 2078.9 01/31’ 0.200(18)
1626.15(9) 1475.8 2; 0.229(23)
2443.846(59) 657.8 ZT 0.569(41)
3106(3) 3F, 47 3108.619(52)  3.4F 858.13(9) 2250.6 4; 0.125(9) y
888.40(7) 2220.1 4; 0.274(11) y
945.780(48) 2162.8 3T 0.164(4) y
1030.015(38) 2078.9 3, 0.189(18) y
1325.37(14) 1783.6 2; 0.044(7) y
1632.78(8) 1475.8 2; 0.139(13) y
2450.30(12) 657.8 ZT 0.063(7) y
3118(3) 2+ n.o.
3121.62(3) 6"
3128.41(7) 1,2+ 3128.277(82)  (21) 1049.32(9) 2078.9 0?{/31’ 0.311(50) y
1344.82(11) 1783.6 2; 0.211(70)
(1397.0Y 17313 0F ()
1652.41(12) 1475.8 2; 0.215(28)
3128.6(5) 0.0 Ofr 0.261(13)
3135.18(7) 2%, 3% n.o.
3142(2) 2t 4+ 3143.66(23) 1360.09(17) 1783.6 2; 1.0 y
3147.393(80)  (41) 927.16(13) 2220.1 4; 0.151(17) L/y
1068.23(18) 20789 3] 0.107(15) y
1363.894(61) 1783.6 2; 0.415(18) y
1671.1(4) 1475.8 2; 0.076(16) y
2489.28(19) 657.8 ZT 0.251(14) y
3148(3) 0+ 3151.47(16) 2493.67(11) 657.8 ZT 1.0 y
3163.8(4) 2506.0(3) 657.8 2?’ 1.0 L/y
3166.25(26) 2508.45(19) 657.8 ZT 1.0 L/y
3171.19(20) 2T 4+ 3170.44(14) 2512.643(81) 657.8 2fr 1.0
3183(3) 4%
3184.53(3) 57,67
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Table 1 continued
NDS E; NDS 1" E; 17 E, Ey 17- I, 8 F(7) T New level
(keV) (keV) (keV) (keV) (fs) ory
3193.40(4) 3% 3193.39(12) 1410.08(21) 1783.6 2;’ 0.139(22)
1717.37(23) 1475.8 2; 0.147(19)
2535.58(10) 657.8 ZT 0.714(23)
3199(3) 27
3203(3) 3203.28(25) 2545.48(18) 657.8 2?’ 1.0 y
3206.5(8) 2548.7(5) 657.8 ZT 1.0 Ly
3208.69(7) 2+, 3+
3251(3) 3~
3256.49(14) 1+-3+ 3256.41(21) 2T 4+ 1714.31(22) 1542.5 4T 0.239(28) y
2598.28(21) 657.8 2?’ 0.761(28)
3262(3) 1+-3+
3266.49(52) 2608.69(38) 657.8 ZT 1.0 Ly
3277.86(14) ah 3277.16(25) 2619.36(18) 657.8 Zfr 1.0
3281.1(7) 3281.0(5) 0.0 OT 1.0 Ly
3298.13(20) 1~ 3298.2(8) 3298.1(6) 0.0 OT 1.0

“Value from Ref. [23] and used for calibration
b Branching ratio taken from Ref. [25]

“Lifetime calculated with a correction assuming 7 > 10 ps for the Oj{ state

4Value obtained from difference in level energies

¢Branching ratio could not be determined in present measurement; value obtained from § decay
/Placement feeding the 3, level assumed; placement feeding the 02' level cannot be conclusively excluded

&Mixing ratio extracted assuming spin-parity 4~

}fN o branching intensity could be determined; y ray weaker member of unresolved doublet
‘_Transition not observed in the (n, n’y) reaction; branching ratio taken from Ref. [7]
JTransition observed in the (1, n'y) reaction, but branching ratio taken from Ref. [7]

Ky ray may be part of an unresolved doublet
!Placement uncertain

yielding T = 180280 fs and the latter ¢ > 570 fs. This may

be due to feeding from higher-lying states, although in the
present work the only transition with sufficient intensity to
be observed feeding the 6T level is from the ST state at 2927
keV thathas a 8% y-ray branch to the 6T level, and should not
seriously perturb the measurement at E,, = 3.2 MeV. Thus,
the cause of this inconsistency is unknown; the most likely
explanation is the presence of an unresolved y-ray doublet
or background line, but there is no direct evidence for this.
Nonetheless, it is deemed prudent to adopt the lifetime for
the 6fr level from Lobach et al. [45].

The evaluated lifetime [23] for the 1476-keV 2; level is
9804140 fs, based on the average of two Coulomb-excitation
experiments [46,47] that deduced B(E2 1) of 0.021(3) e2b?
which converts to B(E2; 25 — 07) = 1.34(19) W.u. The
lifetime published in Ref. [7] of 1.951'8:2(3) ps is a factor
of two longer resulting in B(E2; 2; — 0]") = 0.68(14)
W.u., closer to the results from the (e, e’) reaction [48] which
yielded B(E2; 25 — 0]) = 0.9(2) W.u. A recent Coulomb-
excitation study [38] yields a much more precise value of
B(E2; 2} — 0]) = 0.95(5) W.u. that results in a calculated

@ Springer

lifetime of 7 = 1.4OJ_F8:8§ ps. At the neutron energy used to
determine the 23' level lifetime, E, = 2.6 MeV, approxi-
mately 30% of the observed cross section is due to feeding
from higher-lying states. Unfortunately, the greatest feeding
contribution arises from the OI level for which the lifetime
cannot be extracted. However, the Oj{ lifetime must be rather
long, > 10 ps, otherwise the B(E2; 0f — 2) value for the
295-keV transition would be unrealistically large. With this
assumption, the F(t) value for the 2; state can be recal-
culated and increases to 0.024(5) resulting in a lifetime of

1.61’8:31 ps. Finally, the lifetime for the 2079-keV 3| state

is determined to be T = 750:%80 fs, as obtained from the

average of the F(t) values extracted for the 1421-keV and
603-keV y rays. The 1421-keV peak is due to a doublet of
y-ray transitions with the other member arising from the
2079-keV 0T state. The F(t) value for the 603-keV transi-
tion, which has no observable branch from the 2079-keV 0F
state [25],1s 0.045(22) that is in excellent agreement with the
1421-keV F(t) of 0.047(5) although the former has a very
large uncertainty. The 1421-keV branch from the 2079-keV
OI state is weak and accounts for approximately 17% of the
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2§0 Y 350 Y 4§0 Y 5§0 Table2 Additional y rays, along with their threshold energies observed
r 7] in the excitation functions, believed to belong to H0cq, which are not
2600 | 110 . _ y placed in the level scheme. All y rays listed have intensities I, < 0.2%
L Cd(n,n 7) En72‘14 MeVA of the 657.8-keV 2?’ — Og+S transition. Their energies were measured
— with the HPGe detector at 125° with respect to the direction of the
g 2200 i proton beam used to produce the neutrons and hence may have effects
g 1 from Doppler shifts
=
S 1800 1 E, (keV) Eun (MeV) E, (keV) Eu (MeV)
Q -
o
2 1400 i 253.0(1) 3.04 923.9(2) 3.34
g i 356.24(5) 3.04 965.1(3) 334
o]
O 1000 ] 360.0(2) 3.14 1024.1(2) 2.94
| 401.62(8) 3.24 1068.2(2) 3.34
600 - N | 495.2(2) 3.34 1220.8(2) 3.24
3500 b———t—s—— L T 535.4(1) 3.24 1508.8(2) 3.04
650.90(6) 3.4 1601.4(2) 3.24
655.8(1 3.34 1662.6(3 3.34
r E =2.94 MeV 1 ) )
_ - ° 667.3(2) 3.14 1666.0(1) 3.24
Q S = -
g 2500 o S I | 675.7(3) 3.34 1691.8(2) 3.24
g P R a 849.1(2) 2.94 1739.6(2) 3.34
<t
o i 3 8 907.9(2) 3.04 1779.6(3) 3.34
2
3z
§ 1500 1
S x2 values falling below the 99% confidence limit were con-
P 1 sidered. The spin assignments were made by combining the
A rJ angular-distribution results for all known branches and the
500 | 1 1 1 1 1 1 excitation functions, taking into account results from other
250 350 450 550 experiments [23].

E, (keV)

Fig. 2 Portions of the y-ray spectra observed for neutron bombarding
energies of 2.14 MeV (top) and 2.94 MeV (bottom). The red lines
indicate newly-assigned y-ray lines that were not reported in Refs. [10,
11] and are labelled with their energies in keV

total 1421-keV y-ray intensity at 2.6 MeV. Using the same
assumption as used above for the feeding of the 2;‘ state, the
F () value can be corrected to 0.057(6) resulting in a life-
time of 630f§8 fs. While the assumption of the long lifetime
of the 2079-keV OI level is a reasonable one, we consider the
corrected lifetime values as lower limits of our measurement.

The angular distributions of the y rays emitted in the reac-
tion are analysed using the results of calculated distributions
from the Hauser-Feshbach code CINDY [49]. Figure4 dis-
plays examples of the observed y-ray angular distributions,
fit with

1,0, = I;,) (1 + az P2(cos 0)) + ag P4(cos Qy)) , 2)

as well as the resulting reduced x 2 distributions as a function
of the multipole mixing ratio § obtained from a comparison
of the observed data to the CINDY calculations. Generally,
the values of the mixing ratios and initial spins resulting in

Shown in Fig. 5 are examples of excitation functions
obtained. Those in the left panels are summed partial y-ray
cross sections for all y rays assigned as decay transitions
from the states indicated, whereas those in the right pan-
els are the partial cross sections for individual y rays. The
excitation-function shapes and magnitudes are indicative of
the spins of the states, with spin 1, 2, and 3 having the greatest
magnitudes and similar very rapid rises in cross section once
the energy threshold is exceeded. For higher-spin states, the
cross sections increase more slowly as can be seen for the
937.5-keV and 628.6-keV cross sections. Information from
the excitation functions is used for the placement of the y-
ray transitions in the level scheme, and augments that of the
angular distributions for the determination of the level spins.

2.1 Discussion of individual levels

It has been well established that the (n, n'y) reaction, due
to its statistical nature [50] for the neutron bombarding ener-
gies employed in this work, results in populations of levels
that have little dependence on their particular structure. All
levels with spin < 6 are expected to be populated with suf-
ficient cross section that they can be detected (see Fig. 14
of Ref. [15].) However, as the neutron bombarding energy
increases, the resulting y-ray spectra become increasingly
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Fig. 3 Examples of Doppler shifts for selected transitions in the
present analysis. The 1173-keV y ray (panel a) ) is from ®Co, a source
used to monitor the gain shifts of peaks in the spectra as the detector is
positioned at different angles. The 1173-keV line was not used in the
calibration; the F(t) = —0.004 &£ 0.006 is consistent with zero slope.

complex; consequently, the detection of levels becomes more
difficult and the probability of “missing” levels increases.
This problem is exacerbated by the lack of yy coincidence
data obtained with the present (n, n’y) reaction. As outlined
above, access to yy coincidence data from the 8 decay of
1010 helps alleviate this problem somewhat, but the poor
overlap in populated levels above ~ 2.5 MeV results in a
degraded confidence that all levels have been established

@ Springer

The non-observation of a Doppler shift for the 1073.5-keV Ogr — 21+
transition (panel b) ) gives a lower limit for the lifetime of 2 ps. Pan-
els c¢) through f) show the observed Doppler shifts for the 1698.0-keV
2% — 21, 1505.0-keV 37 — 2, 1562.3-keV 45 — 2], and 1783.5-

keV 2;’ — OT transitions, respectively

above that energy. This is particularly true for those levels
that do not decay to the ground state nor first excited 2 state.
Nonetheless, some levels observed in other studies above 2.5
MeV in excitation energy can be confidently concluded not
to exist. For these, we applied the criteria that their suggested
spin was I < 3 or 47 in order to have a high likelihood to
decay to either the ground state or the first excited 27 state,
and thus easily observable. The levels concluded not to exist
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Fig. 4 Examples of angular distributions of y rays observed in the
present study. The left panels display the distributions plotted as a func-
tion of cos? @ where the negative sign indicates angles greater than 90°.
The red curves are fits to the distributions described in the text. Tran-
sitions that are purely dipole have an absence of the Ps(cos6) term
resulting in a linear dependence in these plots. The panels on the right
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display the Xf values resulting from comparisons with the results of
CINDY calculations [49] of the angular-momentum alignments for the
spins of the levels indicated as a function of the multipolarity mixing
ratio 8. The horizontal lines indicate the 99% confidence level. In some
cases, such as for the 687-keV 31+ — 22+ transition, the xuz values for
other possible spin values are extremely large and exceed the plot scale
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Fig. 5 Examples of excitation functions observed in the present study.
The data have been normalized to the results of CINDY calculations
such that the level cross sections for well characterised states agree with
the calculated magnitude. The data in the left panels are the observed
level cross sections compared with the predicted values for spins 0 — 6
(curves). The data displayed in the right panels are the individual y-ray
partial cross sections. The observation of a substantially greater cross
section than predicted indicates the presence of a doublet of levels, as
in the case of the 2079-keV Of{ /3] doublet and the 2662-keV Ogr / 32‘L
doublet, in contrast to the behavior of the 2356-keV and 2633-keV 2+
level cross sections

are noted with a “n.0.” in Table 1. Below, we discuss only a
few of these non-observed levels to elaborate the process.

2.1.1 1809-keV 4% level

The existence of a level at 1809 keV was suggested in both
an (e, ¢') reaction study [48] and in a 108p((q, 2ny) reaction
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study [24]. A B-decay study [51] performed shortly there-
after found no evidence of the 1809-keV level, and this level
was not reported by Corminboeuf et al. [11] in their earlier
(n, n’y) analysis. In agreement with those studies, no evi-
dence is found in the present work for the existence of the
1809-keV level, and it is concluded not to exist.

2.1.2 2184-keV (17) level

Ina(p, p’)and (d, d’) inelastic scattering study [52], a tenta-
tive 1~ state at 2184 keV was reported. No further evidence
has been found for a 1™ state at this energy in any other
study, including a (y, ') reaction [53]. No evidence for the
existence of this level in the present work is found, and it is
concluded not to exist.

2.1.3 2198-keV 27T, 3% level

A Mcdd, Hn'ocd study [54] (d stands for polarised
deuterons) located a very weakly populated state at 2198 ke'V,
with a spectroscopic factor for ds;, transfer of § = 0.002.
No evidence is found for this level in the present study, and
it is concluded not to exist.

2.1.4 Levels near 2.4 MeV

A series of levels were observed as very weak peaks in the
1cd(d, r)!9Cd reaction (2365 keV and 2381 ke V) [54] and
the inelastic scattering (p, p’) and (d, d’) reactions (2377
keV, 2385 keV, 2405 keV) [52]. No other experiment has
observed these levels, a result consistent with the present
work. No evidence of possible decay y rays was obtained
in the excitation functions or the angular distributions. It is
concluded that these previously assigned levels resulted from
target impurities in the transfer and scattering reactions, and
that the levels do not exist.

2.1.5 2433-keV 35 level

Both the inelastic scattering and (d, r) experiments [52,54]
report a level at 2432 keV; the presence of d3; in the single-
neutron transfer population, together with the much stronger
ds;> component, indicates 2*. A 3T level at 2433 keV is
listed in the Nuclear Data Sheets [23] and is observed in the
present study. It is suggested that this corresponds to the peak
observed in the (d, ¢) reaction, and that the d3,, component
in the transfer is spurious. (It should be noted that in the case
of a pure / = 2 transfer, the decomposition of the d3,> and
ds;> components is a result of a fit to the analysing powers
only.) The present study also finds no evidence for a possible
651-keV y-ray decay from the 2433-keV level to the 1783-
keV 27 state. The excitation function for the 651-keV y ray,
rather, indicates a threshold above 3.1 MeV. Newly observed
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Fig. 6 Angular distribution plotted as a function of cos” @ (panel a))
of the 403-keV y ray assigned as the transition from the 2481-keV
state to the 2079-keV 3| state. The red curve is a fit to the distribu-

tions described in the text. Panel b) displays the x2 values resulting
from comparisons with the results of CINDY calculations [49] of the

decaying transitions of 270.4 keV (see Fig. 5) and 354.3 keV
are unambiguously placed.

2.1.6 2481-keV 35 level

Alevel at 2481 keV was previously suggested to be 3™ in the
(p, p") and (d, d’) inelastic scattering measurements [55],
but a 2+ assignment was favoured in the study by Cormin-
boeuf et al. [11] largely due to the excitation function having
a better agreement with the calculations for spin 2 vs. spin 3.
In the present work, the excitation functions are not judged
as able to differentiate between the spin 2 or 3 solutions.
The angular distributions of the 698-, 1006-, and 1824-keV
y rays permit both spin-2 or spin-3 solutions, where for spin
2 they would imply a mixed E2 + M 1 character, and for spin
3 result in a mixing ratio consistent with 0. The 403-keV
transition, on the other hand, has no acceptable solution for
spin 2, and for spin 3 results in a minimum in the 2 distri-
bution for a mixed multipolarity as shown in Fig. 6. We thus
adopt the spin assignment of Pignanelli et al. [55] of 37. As
shown in Fig. 8, the 37 assignment for the 2481-keV level
fits extremely well with the systematics of the 3, states in
the Cd isotopes.

2.1.7 2566-keV 37 level

A level at 2566 keV was assigned as having either 2~ or
spin 3 with two y-ray decays placed; a 783-keV y-ray to the
1783-keV 27 level, and a 1909-keV y ray to the 658-keV 2+
level. In the present work, we re-assign the 1091-keV y ray
previously placed as a decay transition from the 2633-keV
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angular-momentum alignments for the spins of the levels indicated as
a function of the multipolarity mixing ratio 8. The horizontal line indi-
cates the 99% confidence level. While all of the x2 curves are above
the 99% confidence level, that for spin 2 is exceedingly large and this
spin assignment is definitely excluded

2}" level, as a decay transition from the 2566-keV 3;‘ level.
While the y-ray energy (1090.654(7) keV) strongly favours
its placement as the 2566.468(18) keV — 1475.806(11) keV
transition, strong evidence also comes from the examina-
tion of the observed Doppler shifts. Figure7 displays the
Doppler shifts of the transition energies for the strongest
decay branches from the 2633-keV level — the 1975-keV
y ray — and from the 2566-keV level — the 1909-keV y ray.
A clear difference in their F () values is observed indicat-
ing that they originate from different levels. The observed
Doppler shift of the 1091-keV y ray perfectly matches that
of the 1909-keV y ray and is clearly not in agreement with
that of the 1975-keV y ray. While we cannot set an upper
limit on the existence of a possible 2633-keV— 1542-keV y-
ray transition with the present data, we also have no evidence
for its existence.

2.1.8 2662-keV O /3] levels

In a '"9Ag B-decay study, Kawase et al. [57] assigned 0
to a level at 2662 keV based on an angular-correlation anal-
ysis that clearly indicated a 0T — 2+ — 0™ cascade for the
2004 keV/658 keV pair of y -ray transitions. Later, the single-
neutron-transfer work by Blasi et al. [54] populated a level at
2662keV withdss (Sas,, = 0.052)and g7/2 (Sg,, = 0.631),
indicating a 37 assignment. The previous (1, n’y) analysis
[11] found that the angular distributions of the y-rays de-
exciting the 2662-keV level were consistent with a 37 assign-
ment, an observation shared in the present work. However,
the y-ray yields greatly exceed that expected for a single 3™
level (see Fig. 5) and clearly indicates that a doublet of levels
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Fig. 7 Doppler shifts for the 1975-keV y ray from the 2633-keV 2?'
level (top) and the 1909-keV y ray from the 2566-keV 3;’ level (bottom).
The middle panel displays the Doppler shift observed for the 1091-keV
y ray. The vertical scales have been adjusted to span a constant AE/E
range so that the slopes as a function of cos 6 can be directly compared.
The Doppler shift of the 1091-keV y ray matches that of the 1909-keV
y ray, supporting its placement as a decay transition from the 2566-keV
3; level
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is present at 2662 keV, for which spin-parities 0 and 3%
are adopted. As decays of both 0" and 3™ levels may popu-
late lower-lying 27 levels, these transitions are highly likely
to be doublets that cannot be resolved in the present work.
In fact, both the 1186-keV and 2004-keV y-ray peaks show
evidence for doublet natures with peak centroids that shift
with neutron energy. As a result, the data listed in Table 1
do not report branching ratios, nor mixing ratios for transi-
tions feeding the 27 states, as these depend on the specific
population ratio of the 3% and 0T levels.

2.1.9 2706-keV 4; and 2707-keV 4| levels

Two levels that occur very close in energy exist at 2705.7 and
2707.4 keV. In the («, 2ny) study by Kern et al. [24], both
levels were observed and assigned as spin 4, with the lower
level suggested to be negative parity and the 2707-keV level
assigned positive parity. The negative-parity suggestion [24]
for the 2706-keV level is based primarily on the observation
of a mixing ratio for the 1163.2-keV transition of § = 0.0(3)
[24]. The 2707-keV level, on the other hand, was assigned
47 due to its observed mixed M1+ E2 545-keV transition to
the 37 level at 2163 keV, with a value of the mixing ratio of
8 = 0.21(11) [23]. The previous (n, n’y) analysis resulted in
an assignment of both levels as 4T [11], as did the decay study
of the 61 ”OAg isomer (t1/2 = 250 d) [23], reporting on the
existence of a 1.6-keV M1 transition [56]. In the present
work, the 1163.2-keV y ray to the 41+ state has two possible
values for the mixing ratio; —1 .181’8:%2 and —0.04(7), with
the former value favoured, thus implying a 4 assignment. A
4T assignment is also in agreement with results of a f7/EC-
decay experiment [6,7] that established a weak decay branch
feeding the 2287-keV 27 level, and that the 2705.7-keV state
is fed by a transition from the 3340-keV 6™ state, leading to
the 4% assignment. This branch will be important for the
interpretation of these states outlined below.

The previous 2707-keV level 4T assignment is based on
two facts; 1) the 545-keV transition, from Ref. [24], is of
mixed character, and 2) the 1.6-keV transition to the 2705.7-
keV level is of M1 character. In the present work, the 545-
keV y ray is observed and placed depopulating the 2707.4-
keV level. However, its angular distribution, shown in Fig. 4,
is consistent with a pure dipole transition. The 628.6-keV
y ray, on the other hand, appears to be of mixed charac-
ter, which would imply a negative parity for the 2707.4-keV
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level. Postulating that the 2705.7-keV and 2707.4-keV levels
have opposite parity would also remove the highly curious
result of two levels with the same spin and parity being only
1.6 keV apart, limiting any possible mixing matrix element
to be less than 0.8 keV.

Further support for the negative-parity assignment of the
2707.4-keV level is based on the systematics of known
negative-parity states in the even-even Cd isotopes. Shown
in Fig. 8 are the energy systematics observed for the lowest-
energy negative-parity states. Smooth trends, especially for
the 27,37, and 4™ states are observed; if any other potential
candidate for the 4, level were adopted, it would result in a
strong kink in an otherwise smooth curve. The inelastic scat-
tering study by Pignanelli et al. [55] also assign I™ =4~ to
the level at 2708 keV. The assignment of opposite parities to
the 2705- and 2707-keV levels, however, it is at odds with
the M1 character for the 1.6-keV transition assigned [23] as
depopulating the 2707-keV level. A re-investigation of this
transition is thus called for.

2.1.10 2758-keV 2| level

A previously observed level at 2758.2 keV was assigned as
(1,2, 3)" based on the observation of a mixed E1/M 1 char-
acter for the 1282.5-keV y ray in an earlier (n, n'y) reac-
tion [58]. The 1282.5-keV y ray was also observed in the
(o, 2n) reaction [24], but possessed an angular distribution
consistent with that of a pure dipole. In the present study,
the 1282.5-keV y ray is consistent with a pure dipole, as
shown in Fig. 4. The (p, p’) and (d, d") reactions reported
by Pignanelli et al. [55] indicated the presence of a2~ state at
2757 £ 3 keV. This spin-parity assignment is consistent with
the present data, and thus /™ = 27 is adopted. As seen in
Fig. 8, this assignment fits well with the energy systematics
of known 27 states in the even-even Cd isotopes.

2.1.11 2916-keV and 2917-keV levels

A level at 2917.6 keV with possible spin and parity assign-
ment of 2, 3%, 41 was previously established, observed in
the (n, n’y) reaction [11] with spin 2+, 3~ favoured, and in
inelastic scattering [52] where a 4T assignment was made
for a level at 2915 &£ 3 ke V. In the most recent evaluation for
110Cd [23], the 2917.6-keV level was assigned three decay-
ing transitions; 356.4 keV, 1441.9 keV, and 2259.5 keV. In
the present study, a doublet of levels are assigned at 2916.3
keV and 2917.6 keV. The lower member of the doublet has
five decaying transitions assigned; 837.5 keV, 1132.8 keV,
1373.8 keV, 1440.5 keV, and 2258.6 keV, and is favoured to
have spin-parity 3*. The upper member of the doublet has
decay y rays of 667.3 keV and 1375.5 keV, and a 4™ assign-
ment is favoured from the both the shape and magnitude of
the excitation functions. No evidence is found for the place-

ment of a 356-keV y ray from either of these levels, and the
1441.9-keV transition we observe is placed from the 2984.6-
keV level. This latter assignment is based on its excitation
function, and is confirmed in the g-decay study [44].

2.1.12 3043-keV levels

The (d, ) study of ''°Cd [54] located both 51/ and [ = 2
strength2 at 3040(3) keV. Based on the observed strength, a
doublet of levels was suggested with I” values of 0 and 2
or 37, A (y, y’) study [53] determined the existence of a 17
level at 3043 keV. In the present study, a doublet of levels is
also suggested with y-ray transitions of 3043.4 keV, 2385.9
keV, 1569.9 keV and 1566.9 keV. The 3043.4- and 1569.9-
keV y rays are assigned exclusively to the 17 state, and the
energy of the 17 state listed in Table 1 is derived from them.
The 2385.9-keV and 1566.9-keV y rays can originate from
either state; we list them as originating from the 0" state but
it should also be noted that the 2385.9 keV energy matches
better to the 17 state than when paired with the 1566.9-keV
y ray. An examination of the branching ratios of the 2385.9-
and 1566.9-keV transitions as a function of the neutron bom-
barding energy suggests that there may be branches of these
transitions as well from the 17 state. However, the lack of y y
coincidences in the present study prevents the confirmation
of this suggestion.

3 Discussion and interpretations

At low excitation energies, it is anticipated that the states are
collective in nature, either based on surface vibrations or rota-
tions, or pairing degrees of freedom. Traditionally, the mid-
shell Cd isotopes have been interpreted as having a spheri-
cal shape and possessing vibrations (see, e.g. Ref. [3,59]),
but recent work [6,7] suggested that '1°Cd exhibits multiple
shape coexistence and that the states are rotational in nature.

The study conducted in Ref. [25] focused on the previously
assigned [10,11,24] one-, two-, and three-phonon states.
Briefly, it was found that calculations within the strong-
mixing scenario [28,29], while able to reproduce the decays
at the two-phonon level, also predicted enhanced transitions
between states dominated by the intruder configuration and
states predominately of the spherical multi-phonon config-

2 In Table 2 of Ref. [54], there are a number of incorrect listings for
higher-excitation energy states. For example, for the 3040-keV doublet
peak, possible spins of 2+, 3% are listed, while the strength is given
in the d3/> column. Since the target has spin %+, if the strength was
for the d3/» configuration, only spins of 17,27 would be allowed. In
such situations, which occurs almost exclusively for weakly populated
states, it is considered that there is evidence for / = 2 strength, but that
the analysing powers are not sufficiently conclusive to determine the j
value of the transfer.
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uration. These cross-configuration transitions were found
experimentally, however, to be either very weak or non-
existent, except those from the intruder-band head to the
Zfr level, and the 6 member of the ground-state band to
the 4™ intruder-band member. This observation refuted the
strong mixing between the configurations, thus removing the
explanation of the decays of the 0; and O; states, requiring
an alternative explanation to be sought. Systematically, in
the Cd isotopes near the neutron mid-shell, the first excited
0" non-intruder state (03 in ''%112.114Cd and 05 in '1°Cd)
has a strongly enhanced B(E2) value for decay into the 2;’
state, and an extremely weak decay to the ZT level, a pattern
suggestive of y-soft behavior. Further, as Fig. 10 displays for
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110Cd, the “quasi-y band” has a staggering consistent with
that of a y-soft rotor.

In order to deduce which levels may possess a collec-
tive character, ideally the presence of enhanced B(E2) val-
ues is used. However, in many cases the in-band E2 tran-
sitions compete with high-energy interband transitions such
that they have extremely small branching ratios falling below
the observational limit. This situation creates uncertainty in
the assignment of states. We first consider those states that
can be identified as being predominately two-quasiparticle
in nature.
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3.1 Two-quasiparticle configurations

There have been two single-nucleon-transfer experiments
performed populating levels in ''°Cd [54,60], limited by
the available stable targets. States that are strongly pop-
ulated in the reactions must predominantly have a two-
quasiparticle configuration for their wave functions since
the ground states of the odd-A targets are dominated by a
one-quasiparticle configuration. Further information on two-
quasiparticle states can be ascertained from the strong transi-
tions observed in 8 decay feeding levels in ''°Cd. A strongly
populated state would not have a wave function dominated by
multiphonon components; however, a one-phonon state can
still be dominated by a single two-quasiparticle configuration
leading to a strong transfer population.

If the target and final nuclei have spherical shapes, the
single-particle states have a (2j + 1)-fold degeneracy and
we would only observe a limited number of states populated
with large transfer strengths. For deformed systems, a Nils-
son model type approach is far more appropriate with the
single-particle states splitting into (2j + 1)/2 levels with
transfer strengths of S & 1 times the square of the appro-
priate Clebsch-Gordan coefficient. In the discussion below,
we use this expectation to make assignments of levels with a
predominantly two-quasiparticle configuration.

3.1.1 Proton two-quasiparticle configurations

The single-proton-transfer study by Auble et al. [60] located
the proton two-quasiparticle states coupled to the (pi /2)_1
single-particle configuration of the ' Ag target. It was found
that the strongest peaks were located in the vicinity of 3.7
MeV, and were predominately populated with / = 2 transfer,
presumably associated with the ds/, orbital. The strongest
| = 2 transfer is to a level at 3812 keV with a spectroscopic
strength of 1.1 [60]. Of the levels below 3 MeV, the ground
state was the strongest populated with an / = 1 transfer
that largely exhausts the available py /> strength with a spec-
troscopic factor of 0.75 [60]. The first excited 2% state is
also significantly populated, indicating a substantial empti-
ness of the p3 orbital (the measured spectroscopic factor is
S = 0.21 [60]) even at Z = 48. The 5~ state at 2539 keV
is rather strongly populated with S = 0.41 for [ = 4 [60],
indicating a sizable component of the (p; /2)’1 ® (g9 /2)’1
configuration in its wave function. However, an even stronger
| = 4 strength, with a small amount of [ = 0 strength, was
reported for a state at 2652 keV, originally believed to be
duetoa (0~, 17) and (4™, 57) doublet [60]. The improved
knowledge of the level scheme now reveals that this strength
is indeed due to two levels; the 1| state at 2650 keV and the
5,5 level at 2660 keV.

Levels in '1°Cd can also be populated via the g decay of
the ground states and isomeric states of both ''Ag and !1%In.

Due to the one-body nature of the S-decay operator, if the
parent configuration is known and there are allowed unhin-
dered transitions (generally, having log ft < 5), the daughter
state wave function must involve a large degree of overlap.
The decay of the '"°Ag ground state, with ™ = 17 and a
configuration %[413],, ® %[413]1,, has allowed-unhindered
transitions to the ''%Cd ground state (log fr = 4.66) and
the Og' state at 2662 keV (log ft = 4.83) [23]. All other
0™ states have much larger log ft values. The decays to the
0" states must involve a spin-flip Gamow-Teller transition,
and thus are sampling the 7T(g9/2)_2 configuration; it can
thus be stated with confidence that the 0 7 (go /2)_2 con-
figuration is predominately shared amongst the ground state
and the 2662-keV excited O state. The strongest transition
observed in the decay of the '"Ag 6 state, with a con-
figuration of 7g9/» ® vg7/2 is to the 5 level at 2926 keV
with a log ft = 5.365(25) indicating a component of the
89,2 ® g7/2 two-proton configuration, but this is unlikely to
be the dominant component of the wave function.

Combining the results of the 8 decay and the single-proton
transfer, it is seen that the proton part of the ground-state
wave function is dominated by the configuration (p; /2)_2 +
(g9 /2)_2. The situation just below the Z = 50 shell closure is
very similar to that at the Z = 40 subshell closure, where the
ground state of is a nearly equal admixture of the (p; /2)2 +
(g9 /2)2 configurations, assuming 88Sr as a core [61,62].

3.1.2 Neutron two-quasiparticle configurations

The (d, ) transfer study performed by Blasi et al. [54]
achieved a high resolution and high sensitivity. Usinga '''Cd
target, with the odd neutron in the 51, state, the expected two-
quasiparticle states populated are 0 (s12 ® s1,2), 17, 2T
(s1/2 ® d32), 27,3% (s12 ® ds), 3T, 4T (s12 ® g7/2),
and 57,67 (s1/2 ® h11/2). The (d, t) reaction [54] populates
many more states indicating a large degree of fragmenta-
tion of the strength, especially the d3,2 and ds,> configura-
tions. There are particularly strong populations of the ground
state (Ss,,, = 0.93), and levels at 2563 and 2662 keV with
Sg7, = 0.59 and 0.63, respectively [54]. The neutron part
of the ground-state wave function is clearly dominated by
the (51 /2)2 configuration. The strong peak at 2563 keV in
the (d, t) spectrum [54] could be due to both the 4I state
at 2561 keV and the 3] state at 2566 keV. Since the 3;
state at 2602 keV is strongly populated, the 4I state at 2561
keV is favoured to be responsible for the strength observed.
Thus, the 3% and 47 states of the 51,2 ® g7/2 configuration
are assigned at 2663 keV and 2561 keV, respectively. The
largest value observed for the ds/, strength was assigned to
a 271 state at 2433 keV with Sds n = 0.23 [54]. However,
as outlined above, it is suggested that this level is the 32+
state, and the extracted d3,, strength of 0.073 [54] should
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be combined with the ds > strength of 0.230 yielding a total
strength of &~ 0.3. The 3™ member of the vs1/2 ® dsjp con-
figuration is assigned at 2433 keV. The 2* member cannot
be assigned since no state receives a significant fraction of
the ds > strength.

The decay of the 71 ''0In parent feeds strongly three states
in 119Cd; the 6T state at 3122 keV with log fr = 4.717(20),
the 87 level at 3187 keV with log ft = 4.806(25), and the
67 level at 3525 keV with log ft = 5.04(4) [23]. With a
dominant configuration for the 7% parent of 7T(g9/2)_1 ®
vds 2, the final states with allowed-unhindered transitions
populated can have the g7,>®ds 2 two-neutron configuration.
This would explain one of the strongly populated 67 states.
It has been suggested [63], however, that the 7t ''%In parent
also involves the 7 (gg /2)_1 ® vg7/2 configuration, and thus
could have allowed-unhindered transitions to the (g9 /2)’2
configuration in the daughter states. The 3187-keV 87 level
was assigned as the K™ = 8% yr(gg/z)’2 configuration [63],
but a 67 state with the 7 (go /2)_2 should also be populated.
Of the two 6™ states observed to be strongly populated, the
lower-energy 6% state at 3122 keV is favoured to have the
(g9 /2)_2 configuration.

In '12Cd, a study [64] with the ''Cd(d, p) reaction
located the vsi/2 ® hy1/2 configuration with the 57 mem-
ber at 2373 keV, and the 6~ state at 2818 keV. This con-
figuration was weakly populated in the ''3Cd(d, 1) reaction,
but had the largest spectroscopic strengths observed in the
(d, p) reaction. It is suggested, based on the energy system-
atics presented in Fig. 8, that the 5, level at 2540 keV and
the 6, level at 2895 keV have a dominant vs > ® h11,2 con-
figuration in ''°Cd. It is also noted that the 2540 keV state
was populated in the ' Ag(3He, d) reaction with an [ = 4
spectroscopic strength of 0.4, implying a sizable component
of the mp1/2 ® g9/2 configuration.

Shown in Fig. 9 are the levels assigned as having substan-
tial two-quasiparticle configurations in their wave functions,
as deduced from the transfer reactions and S-decay experi-
ments.

3.2 The K™ = 07 band

In Refs. [6,7], the O; state at 1731 keV was suggested to
be the head of an oblate band, with the 2T band member
at 2356 keV that has an enhanced B(E2;2T — 0T) =
24.2(22) W.u. [25]. Since the 2% — 0% spacing is 624 keV,
very similar to that of the ground-state band, we can take the
4% —2% ground-state band energy difference for guidance for
the location of the 4T band candidates, suggesting that the 4™
band member should be at approximately 3.2 MeV excitation
energy. Unfortunately, at this excitation energy the present
data do not have sufficient sensitivity for characterisation of
47 states.
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Fig. 9 Levels in '°Cd that are assigned as possessing significant two-
quasiparticle character. See text for details

3.3 The 0] state

In Ref. [6,7], the OI state at 2079 keV was suggested to be
the head of a deformed band. This was based on the observa-
tion of the systematic strong preference in '10~11°Cd of the
0 state to decay to the 2 member of the 05 (110:112:114Cq)
or O; (11°Cd) intruder band. The energy systematics of the
OZ{ level displayed a characteristic “V-shaped” pattern, fol-
lowing those of the lower intruder states. If it is indeed the
case that the OI level is the band head, it can be expected
that there should be accompanying rotational band members.
There are several candidates for the 27 member; the 2287.5-
keV, 2477.4-keV, 2633.2-keV, and 2787.5-keV states. These
would yield rotational spacings of 209, 399, 544, and 708
keV, respectively. The 398.5-keV and 544.2-keV y rays
are assigned as decay transitions from the 2477.4-keV and
2633.2-keV states, respectively. From the analysis of -
decay data [44], these y rays are placed as feeding the 2079-
keV 3 level rather than the O;f level. Thus, no assignment
of the rotational band based on the OI state can be made at
present.

3.4 K7 =271 bands

Shown in Fig. 10 are the low-lying positive-parity levels in
110Cd with the enhanced or dominant E2 transitions. The
level sequence of 2+, 3?, 4;, ST, and 6;‘ has been assigned
[6,7,24] as a K™ = 2% “y” band built on the ground state.
The 27, 3T, and 5% members are in agreement with the
assignment of Sakai [65]. The 47 member was suggested
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Fig. 10 Partial level scheme for ''9Cd for positive-parity states
arranged into bands. Transitions are labeled with their B(E2) values
in W.u. with uncertainties in parentheses; labels within square brackets
are relative B(E2) values. Upper limits reflect limits on lifetimes and/or
unknown E2/M 1 mixing ratios §. For clarity, the relatively enhanced
or dominant transitions are shown; i.e., those with B(E2) values > 1

by Sakai [65] as the 2561-keV 4% state, but it is assigned as a
two quasiparticle state. Enhanced E2 transitions are observed
for the 4t — 21 and 5t — 37 transitions, as well as for
transitions to the ground-state band, clearly establishing the
present band members. The very large limits on the tran-
sitions from the 5 and 6™ states to the ground-state band
arise from the unknown magnitudes of the mixing ratios §;
the present (n, n’'y) study did not achieve the required sen-
sitivity to enable their determination.

In Refs. [6,7], anew K™ = 21 band was suggested built
on the intruder configuration. As mentioned above, a weak y -
ray branch corresponding to the 2706-keV 4§L — 2288-keV
2‘—{ transition was observed [6,7] with B(E2; 4T — 27) =
55 4 14 W.u. — clearly an enhanced E2 transition. The 6™
state at 3240 keV possesses a favoured decay to the 4™ level
at 2706 keV (the other possible favoured decay branches
are mixed E2/M1 I — [ transitions for which the mixing
ratio has not been measured), strongly suggestive of a band
structure.

In Refs. [6,7], the 31 state at 2566 keV and the 57 state
at 3008 keV were assigned as members of the 2 band built
on the 2288 keV state. These assignments were based on two
observations; 1) the existence of a large decay branch from
the 3240-keV 671 state to the 3008-keV 51 state, and 2) the
existence of an enhanced transition from the 37 state at 2566
keV to the 2% intruder state at 1783 keV. However, despite
the high level of sensitivity achieved in the S-decay study
of 101 [7], the 5t — 37 transition was not observed. Fur-
thermore, no transition from the 3% member to the 2+ band
head was observed, nor from the 2706-keV 471 state to the

W.u., or relative B(E2) values > 1%. The transition rate data for the
3064-keV, 3240-keV, and 3275-keV levels are taken from Ref. [7] and
Ref. [23]. The B(E2;2706 keV — 2288 keV) value is taken from
Ref. [7], and for the B(E2; 2706 keV — 1542 keV) value a sec-
ond solution of O.O9f8:8§6 W.u. is possible. Combined with Fig. 9, all
positive-parity states below 2.8 MeV are shown

3% level. Without the observation of these latter transitions,
the assignment must be taken as tentative.

3.5 Hexadecapole and K™ = 4T bands

Significant E4 strength was observed in proton and deuteron
inelastic-scattering reactions with the 2220-keV 4; state the
strongest one excited via a B(E4; 4 — 0]) = 14.0(24)
W.u. [52]. This state is a member of the K™ = 27 band dis-
cussed above. The observation of E4 strength in a K = 2
band is not unprecedented; for example, studies of well-
deformed rare-earth nuclei [66] revealed a need for the inclu-
sion of the Y4 mode in the y band in order to explain the
population of the I, K™ = 4, 27 state in inelastic scattering.

The 2561-keV 4;{ state, that appears to be strongly pop-
ulated in the (d, t) transfer reaction and thus having a large
contribution from the vsi;» ® g7,2 two-quasineutron con-
figuration, has an enhanced B(E2; 4I — 2;‘) value of
9(4) W.u. Aside from the 2220-keV 4; state, it is the only
other 4T state that has an observed enhanced B(E2) value
to the K™ = 2% band head. It is thus a candidate for the
K™ = 4% band head expected from the triaxial nature of the
ground state [37]. In the inelastic-scattering reactions, how-
ever, it was also observed to have significant £4 strength with
B(E4; 4] — 0F) = 5.9(7) W.u. [52]. It is suggested that
the collective hexadecapole excitation is fragmented amongst
several states.

@ Springer



1 Page 22 of 28

3.6 Isovector quadrupole excitations

A consequence of treating the protons and neutrons as sepa-
rate fluids is that they can be coupled in a symmetric or anti-
symmetric way [67], where the anti-symmetric coupling is
often referred to as the isovector or mixed-symmetry mode
[68-71]. A signature of isovector positive-parity excitations
are enhanced B(M1) values to low-lying positive-parity
states. In well-deformed nuclei, the lowest-lying isovector
mode is the 1,1 so-called scissors mode, whereas in vibra-
tional or y-soft nuclei it is the 2, mixed-symmetry state.
The (y, y') measurements [53] identified the 17 state at 3044
keV in '1°Cd as the mixed-symmetry state that fit well with
the systematics in the Cd isotopes. The identification of 2;
candidates have remained more elusive. In 112Cd, candidates
were suggested [13] to have the main fragments of the 2;
state at 2156 and 2231 keV, but later work re-interpreted these
states as a member of the OI band and the intruder K = 2
band head, respectively [6,7]. In the present work, the 27
state with the largest B(M1; 27 — 2;“) value is at 2787 ke V.
This state decays with a small branch to the ground state and
the dominant branch (95%) to the 2]" state with two possi-
ble values of the mixing ratio; § = 0.204f8:ggg or 1.46f8:%?.
While the larger mixing ratio cannot be excluded, it leads
toa B(E2; 2§ — 27) = 10.7(14) W.u. which we consider
unlikely. Using the smaller result for the mixing ratio yields
B(M1;25 — 2) = 0.149(13) ;3,, making the 2787 keV
state the leading candidate for the 2;} state.

3.7 Negative-parity excitations

The first 37 state at 2079 keV can be described as a one-
phonon octupole excitation due to its enhanced B(E3) to
the ground state of 23(3) W.u., compatible with other 3™
strengths in the region [72].

In the vibrational model, the coupling of a quadrupole
excitation with an octupole excitation produces a quintu-
plet of negative-parity states, the quadrupole-octupole cou-
pled states (QOC), with spins 1-5. The full quintuplet has
been suggested in '98Cd [73], 112Cd [74,75], ''#Cd [76], and
116Cd [77], and in "> 114Cd in particular this has been sup-
ported by determinations of the absolute B(E2) values that
indicate considerable enhancement for decay to the 3 state
— the one-phonon octupole state. In H0Cd, Corminboeuf et
al. [11] assigned the 5, state at 2540 keV as a member of the
QOC quintuplet on the basis of its enhanced B(E2) value for
decay to the 3| state. However, it was recently pointed out
by Jamieson et al. [64] that the 5] level in 112¢d, previously
assigned as the 5~ member of the QOC quintuplet [75], was
dominated by the 512 ® h11/2 two quasi-neutron configura-
tion, and thus could not have the two-phonon contribution
as the main one in its wave function. This reassignment was
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Fig. 11 Candidate levels for members of the quadrupole-octupole cou-
pled configuration. The 3] level is a collective octupole excitation with
an enhanced B(E3;3] — Ofr) = 23(3) W.u. The 3; and 5] levels
are shown with their B(E?2) values in W.u. for the transitions to the
3, level. Based on transfer results in 112¢d [64], the 5] may be the
rotational band member of the 3, state

based on the fact that the 5] state was the second strongest
populated state observed in the (d, p) reaction. The energy
systematics of the low-lying 5~ and 6~ states are shown in
Fig. 8. There is evidence from the 109Ag(3He, d) reaction
[60] that the 5, and 5, states in ''9Cd at 2540 keV and 2660
keV are strongly mixed with both states having large com-
ponents of the p1/2 ® gg92 proton configuration, and likely
the 512 ® h11,2 neutron configuration. The 6~ coupling of
the s1/2 ® h11,2 neutron configuration is suggested to be the
2896 keV state.

Figure 11 displays the levels that are candidates for the
QOC multiplet. From the sum of the excitation energies of
the ZT and 3 states, the centroid of the quintuplet is expected
at 2737 keV; the observed energies range from 2481 keV to
2758 keV. The 3, and 5, states have enhanced E2 decays
to the 3| level, although the uncertainties are substantial.
From the results of Ref. [64], and the energy systematics of
the 57 states, the 5] level is more likely to be a rotational
band member of the 3~ band and not a quadrupole vibration
built on the octupole excitation. This interpretation was used
in ''2Cd since it could simultaneously explain the transfer
results as well as the enhanced B(E2) value. The second
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Table3 Reduced electromagnetic transition rates for the levels in 11°Cd ratio equal to 0. Values listed in square brackets are relative values. (i)
derived from the data in Table 1 unless otherwise noted. For E1 tran- denotes a state assigned as belonging to the intruder configuration
sitions, the B(E1) values are calculated assuming the M2/E1 mixing

Ei(keV) Ir E ¢(keV) 17 B(E2; I; — I7) (W) BML; I; — Ip)(u%) B(E1; I; — I17)(1073W.u.)
657.8 2f 0.0 of 27.0(8)°
1473.1 05 (i) 657.8 2f <40
14758 2f 657.8 2F 27(2) 0.008 70003
0.0 of 0941096
1542.4 4f 657.8 2f 42(9)°
1731.3 0 1475.8 25 < 1680
657.8 2f <79
1783.6 25 1475.8 25 <38 <0.02
1473.1 05 (i) 29(5)
657.8 2f 0.327918 0.026(3)
6.770% 0.0080(13)
0.0 0f 0.28(4)
2078.9 37 1783.6 25 (i) 0.21(3) / 0.26(4)°
1475.8 25 0.35700% 7 0.4175:96¢
657.8 2f 0.17(2) / 0.20(3)°
2078.9 oF 1783.6 25 3) [100]
1475.8 2f [< 0.65]
657.8 2f [0.010]
2162.8 37 1783.6 253 <6 < 0.0019
1542.5 4f 24109 0.015(5)
39(12) 0.008(3)
1475.8 2f 22.7(69) 0.0073(23)
657.8 2f 0.85(25) 0.0019(6)
2220.1 45 1783.6 25() <05
1542.5 4f 107759 0.066(29)
1475.8 2f 22(10)
657.8 2f 0.14(6)
2250.6 41 a) 1783.6 25() 115(35)
1542.5 4f 18719 0.119(36)
1475.8 25 1.2(4)
657.8 2f 0.14(4)
2287.5 2F 657.8 2f 4.78(35) 0.005610 0000
0.0023(9) 0.033(2)
2331.9 0F 1783.6 2f 6(4)
1475.8 25 0.9(6)
657.8 2f 0.7(4)
2355.8 2f 1783.6 25 3) <5 < 0.004
1731.3 07 23.6(22)
1542.5 4f <5
1475.1 25 0.710:¢ 0.0026 90008
1473.1 05 (i) <19

@ Springer



1 Page 24 of 28

Eur. Phys. J. A

(2026) 62:1

Table 3 continued

E;(keV) Ir Ef(keV) 17 B(E2; I; — I)(W.u) B(M1; I; — I)(13) B(E1; I; — I)(1073W.u.)
657.8 2f 3.2(3) 0.0027190007
0.0091000 0.022(2)
2433.2 35 2162.8 3f <480 <0.012
2078.9 37 < 0.06
1542.5 4f <23 < 0.007
1475.8 25 <7 < 0.005
657.8 2f <03 < 0.00006
2477.4 2¢ 2162.8 37 <33 < 0.057
<230 <0.012
2078.9 07/37 <130 <035
1731.3 07 <38
1475.8 2f <0.14 < 0.01
<4 < 0.0007
1473.1 0 <0.7
657.8 2f < 0.035 < 0.00002
0.0 0 < 0.04
2480.0 67 2250.6 43 (i) 36(11)4
2220.1 4f <51
1542.5 4f 62(18)4
2481.5 37 2078.9 37 27+ 0.18(3)
1783.6 2F 0.26670:038
1475.8 2 0.18270:02¢
657.8 2f 0.06310:00%
2539.7 57 2078.9 37 27(21)
1542.5 4f 0.027(21)
25613 4f 1542.5 4f 2.2(11) 0.0003 790002
0.6(4) 0.004(2)
1475.8 25 9(4)
657.8 2f 0.13(6)
2566.5 3f 1783.6 25 11(2) <7x107°
0.25(2) 0.015(3)
1475.8 2f 0.59(14) 0.014(3)
657.8 2f 0.03(1) 0.006(1)
2633.0 2 2078.9 37 0.54(3)
1475.8 25 1.9792 0.0004 99019
0.047933 0.0038+5.%%%
1473.1 05 3.2(2)
657.8 2f 0.277997 0.031(2)
2.4(2) 0.012970:012
0.0 0f 0.010(3)
2649.7 1y 1473.1 05 0.400(23)
0.0 0f 0.6007 9917
2705.7 47 15425 4f 31(9) 0.067(20)
0.0910:3¢ 0.16(4)
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Table 3 continued
E;(keV) Ir Ef(keV) 17 B(E2; I; — I)(W.u) B(M1; I; — I)(13) B(E1; I; — I)(1073W.u.)
27074 47 2162.8 37 <0.8
2078.9 37 <23 < 0.033
<40 < 0.0008
1542.5 4f <0.15
2758.2 27 1783.6 2 0.15(3)
1475.8 2 0.52(11)
657.8 2f 0.043(9)
27873 25 657.8 2f 0.6103 0.149(13)
10.7(14) 0.05079:912
0.0 07 0.18(3)
2842.7 5~ 1542.5 4f <0.39
2869.3 25 1475.8 25 0.006(3) 0.015(6)
1473.1 05 2.8(5)
0.33 0.010
657.8 2f 011757 0.08610 000
1.2 0.008
6~5J—r1.0 0~021i0.011
0.0 of 0.037(6)
29267  5F 2479.9 6/ 58735 ¢ 0.177913 ¢
2220.1 4f 7878 ¢ 0.067005 ¢
2162.8 3f 140%40°
1542.4 4f 1270 0.0271908

@ Value from Ref. [23]
bCalculated using lifetime from Ref. [38]

“Two values are given corresponding to the 3| lifetime determined before and after a correction for the doublet nature of the 1421-keV transition,

see text for details
dCalculated using lifetime from Ref. [45]
¢Calculated using mixing ratio from Ref. [23]

5~ state, at 2660 keV, did not have a measurable lifetime
nor is a branch to the 3] state observed, and thus does not
appear to be a good candidate for the QOC state. Thus, no
clear evidence has yet emerged for the existence of the QOC
states in '19Cd.

In Ref. [78], it was suggested that the large B(M 1; 3;” —
3]) values observed for nuclei near closed shells may reflect
an isovector octupole character. In “2Cd, the B(M1;3, —
37) =0.25(8) ,u%v was determined which is one of the largest
B(M1) values observed for low-spin levels. In 10¢d, we
have the comparable value of B(M1; 3, — 3|) = 0.18(3)
M%v However, as pointed out in Ref. [78], there may be a
significant spin-flip contribution from the g7,2 and g9/, pro-
tons components in the wave functions. These components
are not expected within the valence shell but arise from the
proton intruder configuration.

3.8 Partial dynamical symmetry comparisons

As shown in Refs. [35,36], the known experimental B(E2)
data for ''°Cd can be reconciled with the multiphonon-

vibrational interpretation by invoking a partial dynamical
symmetry (PDS) approach. This approach preserves the U (5)
symmetry for some states while strongly perturbing it for oth-
ers, especially the spin 0 and 27 states. The data presented
in Table 3 do not change the conclusions if the focus remains
on the low-lying states. One of the consequences of the PDS
approach is that the 0;‘ and 2;{ states, which do not follow
the normal decay patterns of the two (n; = 2) and three
(ng = 3) phonon multiplets, are predicted to have predom-
inantly an ny = 3 and ny = 4 character, respectively. The
main fragments of the 0% n; = 2 and the 2 ny = 3 states
are placed at higher excitation energies, and while they may
be fragmented and distributed over several states, the E2
strength must still be present resulting in enhanced B(E2)
values to the 2]" ng = 1 (for the 0T state), and to the 2;’ and
4]" ng = 2 states. In Ref. [36], a possible candidate for a 2+
state having a significant component with n; = 3 was identi-
fied as the 2633-keV 2+ state with B(E2; 2+ — 4) = 2572
W.u. [23]. However, as outlined in Sect. 2.1, the 1091-keV
2t 4T was re-assigned as the 3; — 2; transition, and
we found no evidence for a possible 27 — 41+ transition. In
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fact, of the eleven confirmed or tentatively assigned 27 states
below 3 MeV, none have an observed transition feeding the
4]" level. A B-decay measurement of the '’ Ag ground state,
which has I™ = 17, has recently been performed at the
TRIUMF-ISAC facility. It has a much greater sensitivity to
weak decay branches from excited 27 states than achieved
in the present study, and is currently under analysis [79].

4 Summary

Data from a previous (n, n'y) study [10,11] of '1°Cd have
been reanalysed seeking evidence for additional, mostly low-
intensity, y rays. A total of 58 new y-ray transitions have
been assigned, with 10 new levels observed. It is also rec-
ommended that 17 levels be removed from the evaluated list
[23] of levels. Level lifetimes, transition mixing ratios, and
transition branching ratios have been extracted. The revised
level scheme provides important spectroscopic data support-
ing the Coulomb-excitation campaign aimed at determining,
in a model-independent way, the shapes of states in '1°Cd.

While the current work has assigned a number of new
y-ray transitions, more work is still required to, firstly, con-
firm these placements and, secondly, obtain a higher preci-
sion on the spectroscopic data, and transition mixing ratios
especially. It must be considered that the current analysis is
based on y-ray singles data, not yy coincidences, and thus
errors can be anticipated. Work towards alleviating the short-
comings using data from the 8 decay of ''Ag and '"%In is
currently underway.
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