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Nuclear structure of 112Cd studied through the 111Cd( �d, p) reaction
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The nuclear structure of 112Cd has been investigated with the 111Cd( �d, p)112Cd reaction. Isotopically enriched
targets of 111Cd were bombarded with 22 MeV polarized deuterons, and reaction products were analyzed with a
magnetic spectrograph. Angular distributions and analyzing powers were determined for 129 states, 49 of which
are newly observed, up to approximately 4.2 MeV in excitation energy. The observed angular distributions
were compared with distorted wave Born approximation (DWBA) and adiabatic distorted wave approximation
(ADWA) calculations to extract the spectroscopic factors. Two-quasineutron configurations involving coupling to
the s 1

2
orbital are suggested. The sum of spectroscopic strengths extracted by using the ADWA for the individual

l transfers are combined with previous results from the 111Cd( �d, t ) reaction and show good agreement with the
2j + 1 sum rule, whereas those extracted with the DWBA calculations are significantly less.
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I. MOTIVATION

The cadmium isotopes, especially 110,112Cd, have been
pivotal nuclei for the development of nuclear structure models
and have often been cited as paradigms for harmonic spherical
vibrational motion [1]. Indeed, the appearance of a nearly
degenerate set of states with spin-parities 0+, 2+, and 4+ at
twice the energy of the first 2+ state, together with enhanced
E2 transition rates to the 21

+ state, have been used to classify
the mid-shell Cd isotopes as excellent examples of nuclei
manifesting the U(5) limit of the interacting boson model
(IBM) [1]. Recent studies [2–6], however, have cast doubt on
the appropriateness of this description.

The mid-shell Cd isotopes have been extensively examined
by using γ -ray spectroscopy. Studies made with compound
nucleus fusion evaporation reactions (see, e.g., Refs. [7–15])
provided detailed level schemes over a wide spin range, and
elucidated the systematics of the shape-coexisting intruder
bands. Additional details on low-spin states, and level life-
times, were provided by measurements with the (n, n′γ ) re-
action [4,16–21], and recently β-decay studies have revealed
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weak, low-energy γ -ray decay branches between highly ex-
cited states [4,14,15,22–26]. However, the Cd isotopes have
not been as extensively examined with transfer reactions.
A very detailed set of Cd( �d, t ) measurements with 20 and
22 MeV polarized deuteron beams was made some 20–25
years ago [27,28], and the previous (d, p) reactions to study
112,114Cd were performed 50 years ago [29,30] using 7.7
and 7.5 MeV deuteron beams, respectively. The low beam
energies used in the (d, p) reactions limited the amount of
angular momentum in the system; a consequence of this is
that states with high-l transfers were weakly populated and
easily overlooked. Because the previous (d, p) measurements
were rather limited by the beam energy used, and given the
increase in the knowledge of the 112Cd level scheme, it was
deemed useful to repeat the 111Cd(d, p) measurement at a
much higher beam energy, as well as employing the powerful
Q3D spectrograph (Maier-Leibnitz Laboratory, Garching) to
achieve a high resolution. In addition, the availability of a
polarized deuteron ion source provided the opportunity to
measure analyzing powers, increasing the amount of informa-
tion that could be obtained on the nature of the transfer.

Single-nucleon transfer reactions provide information on
the single-particle content of the wave functions [31]. Starting
with an odd-A target where the ground state wave function
can be described as a one-quasiparticle configuration, the
(d, p) stripping reaction populates two quasiparticle states,
and preferentially those above the Fermi surface. In the case of
the 111Cd(d, p) reaction, the target ground state wave function
is νs 1

2
, and thus final states of the form νs 1

2
⊗ jtr are popu-

lated, where jtr is the configuration of the transfer particle.
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FIG. 1. Proton spectrum observed following the 111Cd( �d, p) reaction with 22 MeV deuteron beams. The spectrum was collected with two
momentum settings for the magnets and the high-momentum and low-momentum spectra have been combined and normalized. The spectra
were energy calibrated with a cubic polynomial. The inset shows the spectrum in detail above 2400 keV.

Since investigations of the collective states in the Cd nuclei,
especially 110,112Cd, has been extending into regions above the
pairing gap, it is important to have knowledge of the single-
particle content of the wave functions to check the consistency
of the assignments; states populated strongly in a single-
nucleon transfer reaction must be two-quasiparticle states or
one-phonon states (which are composed of two-quasiparticle
configurations). This argument was used recently [32], based
on data obtained as part of the present work, to overturn an
earlier assignment [33] of the 5− member of the quadrupole-
octupole coupled state in 112Cd. In the present work, the full
results of the 111Cd( �d, p) measurement are reported.

II. EXPERIMENT

The high-resolution single-neutron-transfer reaction exper-
iment was performed at the Maier-Leibnitz Laboratory [34] in
Garching, Germany. A polarized beam of deuterons was ac-
celerated to an energy of 22 MeV by using the 14 MV tandem
Van de Graaff accelerator, with 80(4)% polarization achieved
[35]. The deuteron beam impinged on a 159 ± 6 μg cm−2

target enriched to >99% in 111Cd. The outgoing protons
from the reaction were momentum analyzed with the Q3D
magnetic spectrograph, and detected with a position-sensitive
cathode-strip detector for particle identification [36]. Proton
spectra resulting from the transfer reaction were collected
over two different magnetic field settings of the Q3D for

each angle. The lower excitation energy range (the high-
momentum bite) covered the range from the ground state of
112Cd to approximately 2.4 MeV in excitation energy. The
higher excitation energy range (the low-momentum bite) used
a magnet setting appropriate for the energy range from 2.0 to
4.2 MeV. The transfer data were collected at angles from 10◦
to 50◦ in 5◦ increments for both magnetic field settings, with
additional data at an angle of 60◦ taken for the low-momentum
bite. Two spectra were taken at each angle and magnetic field
setting, one for each beam polarization. Figure 1 shows an
example of a spectrum obtained during the experiment, and
shows both the high quality of the data, and the high density
of peaks above 2.5 MeV in excitation energy.

In order to determine both the target thickness as well as
the optimum choice for the optical potential for the deuterons,
elastic scattering data were collected at angles from 15◦ to
115◦ in 5◦ increments.

A. Cross sections and analyzing powers

Cross sections for experiments conducted with the Q3D
spectrograph are determined using

dσ

d� lab
(θlab) = N (θlab)

Nb Nt d�LTDAQ LTDet
, (1)

where N (θlab) is the number of counts in a particular peak;
Nb is the number of beam particles incident on the target,
as measured by a current integrator connected to a Faraday
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cup placed at 0◦ directly behind the target; Nt is the areal
number density of the target; d� is the solid angle subtended
by the aperture opening of the Q3D; and LTDAQ and LTDet are
the live times of the data acquisition system and the detector,
respectively. The solid angle subtended by the spectrograph
was determined by slit settings that were calibrated with the
elastic scattering data at a given angle.

Taking advantage of the polarized beam that was used
during the experiment, the asymmetries in the measured cross
sections for the two different beam polarizations were also
measured. The analyzing powers, Ay , are given by

Ay (θ ) =
(

2

3P

) dσ
d� ↑ − dσ

d� ↓
dσ
d� ↑ + dσ

d� ↓
, (2)

where P is the polarization of the beam and the subscript
arrows refer to cross sections measured with “up” and
“down” polarized beam particles, with respect to the beam
axis.

Spectroscopic strengths are extracted by comparing the
experimental angular distributions of cross sections and an-
alyzing powers with optical model calculations. All quantities
were transformed to the center-of-mass frame using the well-
known relation

θcm = sin−1(γ sin θlab) + θlab, (3)

where the factor γ is

γ ≈
√√√√m1m

′
1

m2m
′
2

(
1

1 + (
1 + m1

m2

)
Q
E

)
, (4)

where Q is the reaction Q value to a particular excited state,
and E is the energy of the incident particle. The approxi-
mation made to obtain the above expression is that the sum
of projectile and target masses in the initial state is approx-
imately equal to the sum of the ejectile and residual nuclear
mass in the final state; i.e., the Q value is much smaller than
the initial total mass. The transformation of the differential
cross section can be calculated from the transformation of the
scattering angle,

dσ

d� cm
= dσ

d� lab

d�lab

d�cm
, (5)

and is

dσ

d� cm
= dσ

d� lab

(
1 + γ cos θcm

(1 + 2γ cos θcm + γ 2)
3
2

)
. (6)

Since the analyzing powers are ratios of the difference and
sum of cross sections, the center-of-mass analyzing powers
are equal to the laboratory-frame analyzing powers. The mul-
tiplicative factors that transform the cross sections between
the two frames cancel, hence

Alab
y (θlab) = Acm

y (θcm ). (7)

However, the angular distribution of analyzing powers is
slightly different between the two frames, because of the
scattering angle transformations.

TABLE I. Deuteron optical model parameters calculated from
global optical model potentials; potential well depths are given in
MeV, reduced radii and diffuseness parameters are in fm.

Parameter Daenick Bojowald An and Cai Han
et al. [38] et al. [39] [40] et al. [41]

VV R 91.569 90.322 92.840 84.358
rV R 1.170 1.180 1.150 1.174
aV R 0.746 0.804 0.780 0.809
VV I 0.603 0.000 2.472 1.056
rV I 1.325 0.000 1.326 1.563
aV I 0.866 0.000 0.374 0.916
VSI 12.169 12.798 10.157 13.357
rSI 1.325 1.270 1.366 1.328
aSI 0.866 0.869 0.829 0.681
VSO 3.346 3.000 3.557 3.703
rSO 1.070 0.963 0.972 1.234
aSO 0.660 0.963 1.011 0.813
rC 1.300 1.300 1.303 1.698

B. Elastic scattering data and DWBA calculations

The elastic scattering data collected during the experiment
provided the target thickness measurement, and were also
used to select the optimal deuteron optical model potential that
was used for the distorted wave Born approximation (DWBA)
calculations. All DWBA calculations were performed with the
code FRESCO [37]. At low angles, the elastic scattering process
is dominated by Rutherford scattering and thus the absolute
differential cross sections calculated under the DWBA be-
come nearly independent of the choice of optical model poten-
tial (OMP). Four different global deuteron OMPs were used in
DWBA calculations that were compared with the elastic scat-
tering angular distributions of cross sections and analyzing
powers. Tables I and II list the optical potentials used and their
respective parameter values. The measured elastic scattering
cross sections and analyzing powers are plotted in Fig. 2 along

TABLE II. Proton optical model parameters calculated from
global optical model potentials; potential well depths are given in
MeV, reduced radii and diffuseness parameters are in fm.

Parameter Becchetti- Menet Varner Koning-
Greenlees [42] et al. [43] et al. [44] Delaroche [45]

VV R 54.198 52.623 52.186 52.842
rV R 1.170 1.160 1.203 1.220
aV R 0.750 0.750 0.690 0.661
VV I 2.140 3.180 1.238 1.722
rV I 1.320 1.370 1.243 1.266
aV I 0.605 0.564 0.690 0.576
VSI 7.922 5.195 8.439 8.356
rSI 1.320 1.370 1.243 1.266
aSI 0.605 0.564 0.690 0.576
VSO 6.200 6.040 5.900 5.573
rSO 1.010 1.064 1.090 1.051
aSO 0.750 0.780 0.630 0.580
rC 1.250 1.250 1.262 1.233
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FIG. 2. Measured angular distribution of elastic scattering differential cross section and analyzing powers (points), shown with DWBA
calculations with different optical model potentials (curves) of Daehnick, Childs, and Vrcelj [38], An and Chi [40], Bojowald et al. [39], and
Han, Shi, and Shen [41]. The experimental data have been normalized to match the DWBA cross sections at 15◦.

with the optical model calculations. The optical potential that
produced the best descriptions of the elastic scattering data
was that from Daehnick, Childs, and Vrcelj [38]; this OMP
was used in all subsequent calculations.

The lowest scattering angle that was included in the mea-
surement was at 15◦ in the laboratory frame (15.27◦ in the
center-of-mass frame). The center-of-mass frame experimen-
tal cross section at this angle was scaled to the calculated cross
section obtained from the optical model calculations, and the
target thickness was determined to be 159 ± 6 μg cm−2.

Since there were no elastic scattering data collected for
protons on the residual nucleus, 112Cd, experimental data from
the EXFOR database were used to fix the optical potential in
the outgoing channel. The proton-112Cd elastic scattering data
were taken from Petit et al. [46], who used a polarized beam of
protons accelerated to 22.3 MeV. Based on both the shape of
the angular distribution of cross sections and the shape of
the analyzing powers, the optical potential from Koning and
Delaroche [45], listed in Table II, was chosen for the outgoing
channel potential. The Koning and Delaroche potential was
developed for both protons and neutrons, so it was also used
in the ADWA calculations for the adiabatic potential in the
incoming channel and for the outgoing proton potential.

C. DWBA and ADWA calculations

Spectroscopic strengths were extracted from the observed
angular distributions of differential cross section by scaling
optical model calculations to the experimental data. Angular
distributions from global optical model potentials were cal-
culated with the code FRESCO [37]. As will be seen below,
standard DWBA calculations that use a global deuteron po-
tential for the incoming channel and a global proton potential
for the outgoing channel were found to deviate from the
observed cross sections or analyzing powers of some states,
especially those associated with s1/2 transfers. To overcome
these shortfalls, an alternative approach was tested by using
the adiabatic distorted wave approximation (ADWA) (see,
e.g., Ref. [47]). Instead of using a global deuteron potential,
the sum of a proton potential (Vp) and a neutron potential (Vn)

is constructed. The proton and neutron are treated as equally
sharing the deuteron’s kinetic energy, so the ADWA potential
for the deuteron (Vd ) at its energy E is [47]

Vd (E) = Vp

(
E

2

)
+ Vn

(
E

2

)
. (8)

Both the DWBA and the ADWA analyses are presented and
compared below.

The shapes of the angular distributions of cross sections
are determined by the dominant � of the transfer, whereas
the shapes of the analyzing powers are more sensitive to the
dominant j of the transfer [31]. The 111Cd target has Iπ = 1

2
+

,
and, for final state angular momenta with natural parity, the
spin-orbit partners j< and j> may both contribute to the
transfer. In the case of a 2+ state, for example, the transfer of a
neutron into a 2d 3

2
or 2d 5

2
orbital can occur. Since the angular

distributions of cross sections for j< and j> orbitals are
nearly identical, whereas the analyzing powers typically are
distinct, the analyzing powers can, in many cases, determine
which of these two orbitals dominates the transfer into a given
state.

In cases of population of unnatural-parity states, the con-
tributing single particle orbitals for the transferred neutron
have distinct � and j values. For 3+ final states, for example,
the cross sections can be dominated by transfers to the 2d 5

2
and

1g 7
2

orbital components of the wave function. It is sometimes
the case that both of these single-particle orbitals contribute
to the transfer, and the spectroscopic strengths associated
with each contribution must be determined simultaneously.
However, for most angular distributions observed in this ex-
periment, one clearly dominant single-particle orbital for the
transfer was identified.

The spectroscopic strengths were extracted via

S�l =
dσ
d�

∣∣
exp

dσ
d�

∣∣
DWBA

, (9)

i.e., by scaling the angular distributions of cross sections from
FRESCO to the experimental data. The scaling was done by
performing a χ2 minimization that included data from all
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TABLE III. Deuteron adiabatic optical model parameters calcu-
lated from the Koning and Delaroche global nucleon optical model
potential [45]; potential well depths are given in MeV, and reduced
radii and diffuseness parameters are in fm.

Parameter Proton Neutron Parameter Proton Neutron

VV R 57.666 51.588 VSI 8.760 8.863
rV R 1.220 1.220 rSI 1.266 1.266
aV R 0.661 0.661 aSI 0.577 0.563
VV I 0.706 0.732 VSO 5.863 5.826
rV I 1.266 1.220 rSO 1.051 1.051
aV I 0.577 0.661 aSO 0.590 0.590

rC 1.233 0.000

angles measured. For states with two possible � contributions,
the minimization with respect to the cross section data is
sufficient for determining the two spectroscopic strengths. For
states with a single � but two possible j values, minimization
with respect to the analyzing powers is required. The angular
distribution of analyzing powers for states with multiple j -
transfers is the weighted average of each single-particle orbital
contribution,

Atotal
y =

∑
A

�j
y S�j

dσ
d�

∣∣
�j∑

S�j
dσ
d�

∣∣
�j

, (10)

where A
�j
y , dσ

d�
|
�j

, and S�j are the analyzing powers, differen-
tial cross sections, and spectroscopic strengths of the (�, j )
single-particle configuration. From the results of the mini-
mization, one of the two possible contributions was typically
revealed to be dominant.

In general, the OMPs are dependant on the scattering
particle’s energy. This energy was constant for the incoming
deuterons, at 22 MeV. The parameters used in the DWBA
calculations for the transfer reaction were the same as those
given in Table I for the Daehnick, Childs and Vrcelj potential.
The parameters used for the incoming channel in the ADWA
calculations were from the Koning and Delaroche optical
potential for both protons and neutrons. The potential was
evaluated at half the incoming deuteron energy, 11 MeV, and
the values are shown in Table III. The outgoing protons had
an energy of

Ep = Ed + Q − Eex, (11)

where Ed is the energy of the incoming deuteron, Q is
the reaction Q value (for the transfer into the ground state,
Q = 7.17 MeV), and Eex is the excitation energy of the
state populated by the transferred neutron. Since the energy
of the outgoing proton varies with the excitation energy of
the populated state, the optical model parameters from the
Koning and Delaroche potential in the outgoing channel were
recalculated for each observed state.

III. RESULTS

The spectra collected during the experiment had full-
width-at-half-maximum energy resolutions of 6–7 keV. The
high-resolution data enabled the identification of 129 levels

populated in 112Cd. The angular distributions and analyzing
powers, in most cases, were dominated by a single � and j
component. In cases where the levels were previously ob-
served [18,48], the spin-parity of the observed level could be
verified, and in some cases firmly established. For previously
unobserved levels, it was not always possible to assign a
spin-parity value. For example, previously unobserved levels
demonstrating a dominant d 3

2
contribution could be either 1+

or 2+. The convention chosen for the spectroscopic strengths
in Eq. (9) was such that they do not depend on the spin of the
final state. In some cases, multiple single-particle contribu-
tions were observed for a single level, and both contributions
have spectroscopic strengths reported below. Of the 129 level
populated, 49 were newly observed.

A. Angular distributions

Angular distributions of cross sections and analyzing pow-
ers measured in the current work exhibit the characteristic
diffraction pattern oscillations that are typical of general
nuclear scattering experiments. The distinct shapes allow for
the dominant � and j transfer values to be identified by
comparing to the DWBA and ADWA calculations performed
with FRESCO.

The high- and low-momentum bite spectra have eight
states in common, and these enable a consistency check of the
measured absolute cross section. Specifically, the systematic
uncertainties associated with dead time corrections and beam
current integration could be investigated, and it was found
that the uncertainty associated with these measurements was
≈1%. Another overall systematic effect is due to target thick-
ness. However, as the target thickness is estimated from the
elastic-scattering data obtained with the same experimental
setup, in essence the transfer cross sections reported here are
normalized relative to the elastic cross section. A conservative
estimate of the uncertainty on the transfer cross sections due to
normalization procedures is 5%. This systematic uncertainty
was used to inflate the errors of the measured cross sections.

The angular distributions for states up to 2.7 MeV observed
in the present measurement are plotted in Figs. 3 and 4 along
with the DWBA and ADWA calculations used to identify
the � and j of the transfer, and extract the spectroscopic
strength. The remaining angular distributions are available
in the Supplemental Material [49]. The angular distributions
calculated from the ADWA potential were generally found
to reproduce the experimental data better than the DWBA
calculations, especially for low excitation energies. For 0 �
� � 3, the ADWA calculations have an larger cross section
at forward angles than the DWBA predictions, whereas for
� > 3 the opposite is true. This trend is reflected in the exper-
imental data for most states. Neither calculation reproduces
the observed analyzing powers, although in many cases the
DWBA predictions appear to do slightly better.

B. Spectroscopic strengths

The measured spectroscopic strengths were obtained
according to Eq. (9), by scaling the calculated single-
particle cross sections to the experimental data. Spectroscopic
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FIG. 3. Angular distributions of differential cross section and analyzing powers of protons from the 111Cd( �d, p)112Cd reaction with 22 MeV
deuterons for states observed below 2150 keV in excitation energy in 112Cd. Red solid curves are the ADWA calculations, blue dashed curves
are DWBA calculations as described in the text. The plots are labeled with the deduced transferred � and j values, as well as the excitation
energies of the final states.

strengths were extracted for both the ADWA and DWBA cal-
culations. Comparisons between different OMP sets allowed
the assessment of systematic uncertainties associated with
choice of parameter sets. Comparisons between the ADWA
and DWBA spectroscopic strengths enable an estimate of
the uncertainty associated with the choice of the reaction
model. Calculations from all 16 pairs of the 4 deuteron and 4

proton parameter sets were performed and used to assess the
average and maximum differences in spectroscopic strengths
obtained for DWBA calculations. For the strongly populated
states, the differences were on average approximately 20%,
and the maximum differences were as high as 32%. The
OMPs used to extract spectroscopic strengths in the current
work were found to be closer to the average values than to
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FIG. 4. Angular distributions of differential cross section and analyzing powers of protons from the 111Cd( �d, p)112Cd reaction with 22 MeV
deuterons for states observed between 2150 and 2700 keV excitation energy in 112Cd. See caption to Fig. 3. The angular distributions for the
103 states analyzed above 2.7 MeV are available in the Supplemental Material [49].
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the maximum or minimum values of spectroscopic strengths
from all considered OMPs. Differences between the DWBA
and ADWA calculations were on average 15%, although in
some cases they were as large as 40%. It is further noted
that the difference in strengths extracted between the two
reaction models exhibits an � dependence, with the high �
transfer strengths showing a much greater difference than low
� transfers. The average difference of 20% in the strengths
resulting from the choice of the OMP is assumed for the
strengths extracted from both the DWBA and ADWA compar-
isons. Table IV lists the spectroscopic strengths for all of the
observed levels. The uncertainties reported on the strengths
are the statistical uncertainties from the experimental cross
sections and the scaling, and the systematic uncertainty asso-
ciated with the target thickness. An additional 30% systematic
uncertainty from the choice of OMP and reaction model is
assumed to apply for the spectroscopic strengths reported in
Table IV.

C. Discussion of individual states populated

In the subsections below, peaks below approximately
3.2 MeV excitation energy that are newly observed, represent
a doublet of states, or for which the angular distributions result
in a new spin assignment, are discussed.

1. 1871 keV levels

A doublet of levels is known at an energy of 1871 keV with
Iπ = 0+ and 4+. A level at 1871.33(11) keV was observed in
the current work dominated by an � = 0 transfer, consistent
with Iπ = 0+. This level had a spectroscopic strength of
about half the value of the ground state transfer. This result is
consistent with the previous (d, p) study by Barnes et al. [29].
The Iπ = 4+ level may be weakly populated in this reaction,
although the angular distributions of cross sections and ana-
lyzing powers showed no characteristics deviating from that
expected for s 1

2
transfer.

2. 2501 keV level, unobserved

The ( �d, t ) study by Blasi et al. [28] identified a weak � = 0
transfer to a level at 2501 keV. This level was not observed in
the (n, n′γ ) study by Garrett et al. [18], and was interpreted as
an impurity, most likely from the transfer to the ground state
from the 113Cd( �d, t )114Cd reaction. A level consistent with an
energy of 2501 keV was not observed in the current work;
however, if it was weakly populated, it would be unresolvable
from the strongly populated J = 2+ level at 2506 keV.

3. 2507 keV levels

A doublet of levels has been suggested at 2507 keV.
A Iπ = 1− level at 2506.53(9) and a spin 4 or 5 level at
2506.88(7) keV were proposed by Délèze et al. [50]. The
latter was was ruled out by Garrett et al. [18], but they
proposed a doublet of levels with Iπ = 1− at 2506.733(23)
and a Iπ = 2+ level at 2506.337(22). In the current work,
a level was observed at 2506.10(6) keV dominated by a d 3

2

transfer, consistent with the 2+ assignment. There was no
evidence for population of an Iπ = 1− state, but this would
be very weakly populated in the (d, p) reaction since it would
require p 1

2
or p 3

2
transfer strength, and these orbitals are far

below the Fermi surface.

4. 2524 keV level

A weakly populated state was observed in the current work
at 2524 keV for which a s 1

2
transfer was measured, consistent

with Iπ = 0+. This level was not observed in previous ( �d, t)
[28] or (n, n′γ ) [18] studies of 112Cd. Since this level is a
low spin level below 3.2 MeV, it is highly unlikely that it
would have remained undetected in the (n, n′γ ) study, and it is
therefore suggested to result from a target impurity. However,
comparing the energy of the level with known levels that are
strongly populated in nearby isotopes, none of them were
found to be candidates. While the existence of a new level at
2524 keV is doubtful, no explanation for a peak at this energy
can be given.

5. 2793.5 keV level

A peak dominated by a g 7
2

transfer corresponding to an
excitation energy of 2793.5(4) keV was observed [49], which
would imply a previously unobserved level. This level would
possess Iπ = 3+ or 4+ and thus it is unlikely that it would
have remained undetected in the (n, n′γ ) study [18]. Since the
cross section is very small, it is suggested to be the result of a
target impurity, although no observed levels in nearby isotopes
are consistent with the energy.

6. 2817.7 keV levels

Previous studies have demonstrated the existence of a Iπ =
6− level at 2818 keV. A level dominated by an h 11

2
transfer was

observed [49] in the current work at 2817.74(6) keV. This state
had the largest spectroscopic strength of any peak observed in
the spectrum. The Iπ = 4+ level observed by Garrett et al.
[18] at 2816 keV was not observed, but would have been
difficult to identify due to the strongly populated 6− level.

7. 2852.8 keV level

In the ( �d, t) study by Blasi et al. [28], an Iπ = 0+ level
at 2853 keV was observed. The (n, n′γ ) study by Garrett
et al. [18] observed a level consistent with this energy, but
assigned it unambiguously as Iπ = 2+ from the angular distri-
bution of a ground state transition. It was suggested by Garrett
et al. that the 0+ level from the ( �d, t) experiment could be an
impurity from the 112Cd( �d, t )111Cd transfer into the ground
state. The difference in Q value from the 113Cd( �d, t )112Cd
reaction is 2856 keV, which is not quite the energy measured
by Blasi et al. [28], but is consistent within uncertainties.
However, the observation of an � = 0 transfer into a level at
2852.8(2) keV observed in the current work [49] agrees unam-
biguously with both the energy and spin-parity assignment in
the ( �d, t) work [28]. This suggests the presence of a doublet of
states at 2853 keV, with the 0+ level undetected in the (n, n′γ )
study. There is some evidence of the Iπ = 2+ level in both

044309-8



NUCLEAR STRUCTURE OF 112Cd STUDIED THROUGH … PHYSICAL REVIEW C 98, 044309 (2018)

TABLE IV. Measured excitation energies, cross sections, spin-parity values, and spectroscopic strengths for levels observed in the
111Cd( �d, p)112Cd reaction. Levels used for calibration are indicated in column 3, using the values listed in column 1 that are taken from
Ref. [18]. The reported differential cross sections are taken from the data at 30◦. For the ( �d, p) reaction data, a transfer listed as �(j ) indicates
that the dominant transfer is �j , but for which the spin-orbit partner cannot be excluded. Uncertainties on all quantities are statistical only;
uncertainties in the spectroscopic strengths include the statistical contribution and the target thickness systematic uncertainty, and do not
include the overall 30% systematic uncertainty due to OMP and reaction model choice. The final column reproduces the data from Ref. [28]
for ease of comparison; j values in parenthesis indicate a multiple �-component fit in Ref. [28]. Only those levels and S�j values for the largest
strengths that correspond to the presently observed results are listed.

Literature 111Cd( �d, p) 113Cd( �d, t)

E (keV) Iπ E (keV) Iπ dσ
d� cm

(mb/sr) �j SADWA
�j SDWBA

�j E (keV) Iπ �j S�j

GS 0+ GSa 0+ 0.086(3) s 1
2

0.185(2) 0.189(3) GS 0+ s 1
2

1.140
617.520(11) 2+ 617.59(9)a 2+ 0.042(2) d( 3

2 ) 0.256(3) 0.185(2) 618 2+ d 5
2

0.374
1224.41(2) 0+ 1224.13(10)a 0+ 0.025(1) s 1

2
0.0437(6) 0.0463(7)

1312.393(8) 2+ 1312.3(3)a 2+ 0.0004(2) d( 5
2 ) 0.00230(8) 0.00244(8) 1314 2+ d 5

2
0.134

1415.561(16) 4+ 1415.6(3)a 4+ 0.00149(10) g 7
2

0.0166(6) 0.0140(5) 1417 4+ g 7
2

0.169
1433.30(2) 0+ 1433.37(10)a 0+ 0.0242(9) s 1

2
0.0579(8) 0.0493(8)

1468.835(10) 2+ 1469.05(11)a 2+ 0.0098(4) d( 3
2 ) 0.0611(8) 0.0446(6) 1470 2+ d( 3

2 ) 0.013
1871.2(4) 0+ 1871.33(11) 0+ 0.037(1) s 1

2
0.0876(12) 0.0736(12) 1872 0+ s 1

2
0.025

2005.189(16) 3− 2005.15(9)a 3− 0.0046(2) f 7
2

0.0126(2) 0.0119(18) 2005 3− f 7
2

0.014
2064.51(2) 3+ 2064.3(3)a 3+ 0.0011(2) g 7

2
0.0129(9) 0.0083(6) 2065 3+ d 5

2
0.009

2081.715(16) 4+ 2081.70(9)a 4+ 0.0116(5) g 7
2

0.146(2) 0.085(13) 2082 4+ g 7
2

0.093
2121.530(19) 2+ 2121.53(5)a 2+ 0.0171(6) d( 3

2 ) 0.0971(12) 0.0694(9) 2121 2+ d 3
2

0.012
2156.18(2) 2+ 2156.22(5)a 2+ 0.0108(4) d( 3

2 ) 0.0629(8) 0.0446(6) 2155 2+ d( 3
2 ) 0.012

2231.20(2) 2+ 2231.11(6)a 2+ 0.0056(3) d( 5
2 ) 0.0242(4) 0.0219(3) 2230 2+ d 3

2
0.006

2300.74(3) 0+ 2300.90(4) 0+ 0.069(3) s 1
2

0.1670(2) 0.132(18) 2299 0+ s 1
2

0.133
2373.28(2) 5− 2373.28(3)a 5− 0.200(7) h 11

2
2.66(3) 1.59(19) 2372 5− h 11

2
0.232

2416.00(6) 3− 2416.72(16) 3− 0.0058(4) f 7
2

0.0264(4) 0.0166(3) 2414 3,4− f 7
2

0.006
2454.52(6) 4+ 2454.16(15) 4+ 0.0067(4) g 7

2
0.0800(2) 0.048(12) 2453 3,4+ g 7

2
0.110

2493.163(11) 4+ 2492.8(4)a 4+ 0.0061(3) g 7
2

0.0767(17) 0.0508(11) 2491 3,4+ g 7
2

0.054
2506.33(2) 2+ 2506.10(6) 2+ 0.051(2) d( 3

2 ) 0.291(4) 0.201(3) 2505 2+ d( 3
2 ) 0.034

2524.1(11)b 0+ 0.0018(6) s 1
2

0.00180(10) 0.00223(12)
2570.29(3) 5− 2570.23(7) 5− 0.036(1) h 11

2
0.468(6) 0.284(4) 2569 5,6− h 11

2
0.098

2591.046(14) 4− 2591.11(9)a 4− 0.0045(2) f 7
2

0.0167(3) 0.0106(18) 2589 3,4− f 7
2

0.005
2634.996(16) 3+ 2635.28(4) 3+ 0.059(2) d( 5

2 ) 0.198(2) 0.176(2) 2634 2,3+ d 5
2

0.440
2650.16(5) 0+ 2650.58(11) 0+ 0.0119(5) s 1

2
0.0286(4) 0.0221(4) 2649 0+ s 1

2
0.023

2674.02(6) 2+ 2674.08(4)a 2+ 0.057(2) d( 3
2 ) 0.297(4) 0.208(3) 2673 2+ d( 3

2 ) 0.097
2711.3(3) 4+ 2710.94(6) 4+ 0.041(2) g 7

2
0.505(7) 0.290(4) 2710 3,4+ g 7

2
0.372

2723.88(3) 2+ 2723.85(4)a 2+ 0.063(2) d( 5
2 ) 0.217(3) 0.192(2) 2724 2,3+ d 5

2
0.407

2765.75(3) 2+ 2765.73(4)a 2+ 0.060(2) d( 3
2 ) 0.337(4) 0.234(3) 2765 2+ d( 3

2 ) 0.057
2793.5(4)b 3+, 4+ 0.0045(3) g 7

2
0.0720(2) 0.058(15) 2799 1,2+ d 3

2
0.012

2817.80(3) 6− 2817.74(6) 6− 0.47(2) h 11
2

6.07(7) 3.47(4) 2818

{
1,2+ d 3

2
0.038

5,6− h 11
2

0.562
2834.43(7) 0+ 2834.62(7) 0+ 0.061(2) s 1

2
0.1451(19) 0.1152(17) 2834 0+ s 1

2
0.032

2853 0+c 2852.8(2) 0+ 0.0178(8) s 1
2

0.0418(6) 0.0343(6) 2853 0+ s 1
2

0.004{
2866.86(2) 3−

2867.94(8)
3

0.099(4)
f 5

2
0.017(2) 0.042(3)

2867.48(7) (3+) 3+ g 7
2

0.538(2) 0.277(4) 2868 3+ (g 7
2

) 0.648
2882.74(5) 0+ 2882.67(17) 0+ 0.0137(9) s 1

2
0.0362(8) 0.0274(7) 2882 0+ s 1

2
0.015

2893.58(5) 4+ 2893.0(5)a 4+ 0.028(7) g 7
2

0.360(2) 0.18(10) 2894 3,4+ g 7
2

0.446
2899.09(6) (5−) 2899.01(11) 5− 0.096(8) h 11

2
1.200(3) 0.78(16)

2924.83(3) 4− 2924.5(3) 4− 0.014(2) f 7
2

0.0554(16) 0.0329(10)
2931.51(5) 1+ 2931.62(8)a 1+ 0.028(2) d( 3

2 ) 0.144(2) 0.108(18) 2931 1,2+ d 3
2

0.014

2946.98(8)b 3−, 4− 0.029(1) f 7
2

0.1192(16) 0.0692(9) 2946

{
2,3+ d 5

2
0.019

3,4+ g 7
2

0.060
2961.93(3) 4− 2961.89(7) 4− 0.048(2) f 7

2
0.180(2) 0.104(13) 2960 4− f( 7

2 ) 0.012
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TABLE IV. (Continued.)

Literature 111Cd( �d, p) 113Cd( �d, t)

E (keV) Iπ E (keV) Iπ dσ
d� cm

(mb/sr) �j SADWA
�j SDWBA

�j E (keV) Iπ �j S�j

2980.82(3) 2+ 2980.88(6)a 2+ 0.0184(8) d( 3
2 ) 0.0850(12) 0.0596(9) 2980 2+ d( 3

2 ) 0.013
3002.13(2) (3+) 3002.2(4)a 3+ 0.017(3) g 7

2
0.226(6) 0.146(4) 3001 (3+) (g 7

2
) 0.062

3049.23(6) (1−)c 3049.1(2)a 1− 0.0047(3) p 3
2

0.00442(15) 0.00363(12)
3067.10(10) 0+ 0.038(2) s 1

2
0.0918(16) 0.0655(13)

3071.28(8) (1,2)+ 3073.7(3) 1+, 2+ 0.018(1) d( 3
2 ) 0.0720(2) 0.053(16) 3069

{
1,2+ d 3

2
0.016

3,4+ g 7
2

0.043
3105.61(5) (2),3 3107.9(3) 2− 0.132(9) p 3

2
0.126(4) 0.138(4)

3109.86(6) 1 3111.6(3) 1+ 0.123(9) d( 3
2 ) 0.829(16) 0.546(11) 3109 2+ d( 3

2 ) 0.099
3131(1) 3−c 3130.1(2) 3− 0.030(1) f 7

2
0.1004(14) 0.0599(8)

3145.39(5) 4+ 3144.5(5) 4+ 0.018(2) g 7
2

0.210(8) 0.138(6) 3146 4+ g 7
2

0.156
3151.6(3) 1+, 2+ 0.020(2) d( 3

2 ) 0.0892(20) 0.0682(15)

3169.56(3) 2+ 3168.9(3)

{
0.0135(10)

2+, 3+ d( 5
2 ) 0.008(2) 0.006(2)

2−, 3− f 5
2

0.020(2) 0.022(2)

3178.80(6) 2+ 3178.79(4)a 2+ 0.103(4) d( 3
2 ) 0.505(6) 0.350(4) 3177

{
1,2+ d 3

2
0.032

3,4+ g 7
2

0.079
3194.50(8) 2+, (3+) 3194.40(14)a 2+ 0.025(1) d( 3

2 ) 0.133(2) 0.088(16) 3194 2+ d( 3
2 ) 0.073

3203.25(11) 3(+) 3202.8(4) 3+ 0.022(1)

{
d( 5

2 ) 0.002(1) 0.003(1) 3204 (3+) d 5
2

0.014
g 7

2
0.11(1) 0.12(2) g 7

2
0.176

3231.41(5) 1+ 3231.77(6) 1+ 0.043(2) d( 3
2 ) 0.226(3) 0.159(2) 3230 1,2+ d 3

2
0.026

3242.59(8) 2+ 3243.04(15) 2+ 0.0169(9) d( 3
2 ) 0.0861(14) 0.0623(10) 3242 2+ d( 5

2 ) 0.013

3251.86(17) 0+ 3252.35(14) 0+ 0.020(1) s 1
2

0.0465(8) 0.0360(7) 3252

{
0+ s 1

2
0.002

3+ g( 7
2 ) 0.033

3266.61(4) 3–5 3266.06(18) 2-4+ 0.0195(8)

{
d( 5

2 ) 0.0013(2) 0.0022(3)
g 7

2
0.110(3) 0.118(5)

3291.16(5) 3291.4(4) 3+, 4+ 0.010(1) g 7
2

0.170(6) 0.112(4)
3301.0(2) 1 3300.27(11) 1+ 0.045(2) d( 3

2 ) 0.214(3) 0.149(2) 3296 2+ d( 5
2 ) 0.114

3312.19(4) 1–3 3313.5(3) 3+ 0.0125(7) g 7
2

0.151(4) 0.095(2) 3312

{
1,2+ d 3

2
0.014

5, 6− h 11
2

0.090

3332.04(3) 3–5 3331.5(2) 2-4+ 0.020(1)

{
d( 5

2 ) 0.0037(3) 0.0056(5) 3330 2,3+ d 5
2

0.051
g 7

2
0.103(4) 0.113(6)

3342.06(8) 1+, 2+ 0.048(2) d( 3
2 ) 0.254(3) 0.171(2) 3340 2+ d( 3

2 ) 0.035
3363.59(6) 2+ 3363.07(15) 2+ 0.0134(7) d( 3

2 ) 0.0615(10) 0.0462(7) 3361 2+ d( 3
2

) 0.023
3375.9(2) 3−, 4− 0.011(1) f 7

2
0.0391(11) 0.0236(6)

3383.63(5) (3) 3383.7(2)a 3+ 0.006(1) d( 5
2 ) 0.0324(10) 0.0272(8) 3381 2+ d( 3

2 ) 0.004

3402.93(7) 3+ 3404.1(2) 2-4+ 0.025(1)

{
d( 5

2 ) 0.0057(3) 0.0090(6) 3402 2,3+ d 5
2

0.050
g 7

2
0.123(5) 0.134(7)

3422.6(2) 0–4 3423.3(3) 0+ 0.017(1) s 1
2

0.0413(12) 0.0286(9) 3422

{
0+ s 1

2
0.005

1, 2+ d 3
2

0.007

3433.80(8) 3–5 3432.3(4) 3+ 0.057(2) d( 5
2 ) 0.203(4) 0.165(3) 3433

{
0+ s 1

2
0.004

1, 2+ d 3
2

0.020
3437.5(8) 1+, 2+ 0.017(1) d( 3

2 ) 0.0750(3) 0.044(18)
3452.89(11) 3+,(2) 3450.5(4) 3+ 0.0094(8) g 7

2
0.146(5) 0.092(3)

3471.4(3) 3471.8(4) 3+, 4+ 0.0136(9) g 7
2

0.181(6) 0.126(4)
3480.3(3) 1+, 2+ 0.026(1) d( 3

2 ) 0.120(2) 0.084(15)
3488.9(3) 1+, 2+ 0.015(1) d( 3

2 ) 0.0746(17) 0.0512(12)
3513.2(2) 0+ 0.0134(8) s 1

2
0.0262(6) 0.0228(5)

3522.51(4) 1–3 3522.9(2) 2+ 0.0108(7) d( 3
2 ) 0.0476(11) 0.0342(8)

3533.1(2) 1+, 2+ 0.024(1) d( 3
2 ) 0.0897(15) 0.0639(10)

3544.8(5) 5−, 6− 0.0052(6) h 11
2

0.0250(3) 0.018(18)
3557.33(4) 1–3 3557.07(19) 0+ 0.039(2) s 1

2
0.0909(13) 0.0690(11)
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TABLE IV. (Continued.)

Literature 111Cd( �d, p) 113Cd( �d, t)

E (keV) Iπ E (keV) Iπ dσ
d� cm

(mb/sr) �j SADWA
�j SDWBA

�j E (keV) Iπ �j S�j

3568.05(6) 2+ 3568.3(4) 2+ 0.0086(6) d( 3
2 ) 0.0410(9) 0.0294(7)

3581.3(9) 1−, 2− 0.0023(4) p 3
2

0.00194(17) 0.00158(14)
3596.6(2) 0+ 0.0155(7) s 1

2
0.0378(6) 0.0284(5)

3612.1(2) 1+, 2+ 0.029(1) d( 3
2 ) 0.1359(18) 0.0911(12)

3626.6(3)

{
0.0123(7)

2+, 3+ d( 5
2 ) 0.0040(2) 0.00560(5)

3627.7(3) 4–6 5−, 6− h 11
2

0.068(3) 0.076(3)
3652.16(7) 1 3649.9(3) 1+ 0.0136(6) d( 3

2 ) 0.0448(8) 0.0349(6)
3665.78(4) 3,(2) 3665.4(3) 2+, 3+ 0.0167(7) d( 5

2 ) 0.0455(7) 0.0393(6)
3682.4(3) 0+ 0.0133(6) s 1

2
0.0254(5) 0.0226(4)

3697.69(14) 2–4 3695.7(7) 2+, 3+ 0.0055(6) d( 5
2 ) 0.0106(6) 0.0097(5)

3703.6(3) 0+ 0.037(2) s 1
2

0.0856(13) 0.0690(12)
3720.7(3) 2–6 3719.7(3) 2+, 3+ 0.031(1) d( 5

2 ) 0.0771(11) 0.0667(9)
3737.9(10) 0+ 0.007(1) s 1

2
0.0111(5) 0.0121(6)

3742.7(8) 1+, 2+ 0.0081(9) d( 3
2 ) 0.0439(11) 0.0330(8)

3755.46(17) 1 3753.0(8) 1+ 0.0057(7) d( 3
2 ) 0.0182(7) 0.0136(5)

3769.4(8) 5−, 6− 0.0159(8) h 11
2

0.219(4) 0.138(3)
3780.3(4) 1+, 2+ 0.036(1) d( 3

2 ) 0.156(2) 0.106(14)
3794.0(11) 1+, 2+ 0.0011(3) d( 3

2 ) 0.0090(5) 0.0062(3)
3810.88(13) 1–3 3810.2(5) 2+, 3+ 0.0167(8) d( 5

2 ) 0.0454(8) 0.0399(7)
3819.7(5) 1+, 2+ 0.0087(6) d( 3

2 ) 0.0348(8) 0.0250(6)
3832.66(13) 1–3 3833.9(5) 1+, 2+ 0.0114(6) d( 3

2 ) 0.0321(7) 0.0252(6)
3843.9(8) 0+ 0.0043(4) s 1

2
0.0090(4) 0.0078(4)

3868.6(4) 0+ 0.0089(6) s 1
2

0.0186(5) 0.0164(4)
3878.62(16) 1–3 3877.4(5) 3+ 0.0144(8) g 7

2
0.209(5) 0.138(3)

3887.5(5) 5−, 6− 0.0148(8) h 11
2

0.198(4) 0.121(2)
3901.2(8) 2+, 3+ 0.0035(4) d( 5

2 ) 0.0082(4) 0.0074(3)
3911.2(6) 2+, 3+ 0.0056(5) d( 5

2 ) 0.0131(4) 0.0113(3)
3923.7(5) 5−, 6− 0.0176(8) h 11

2
0.186(4) 0.118(2)

3933.08(17) 1 3932.4(6) 1+ 0.0106(6) d( 3
2 ) 0.0400(8) 0.0288(6)

3952.26(6) 1–3 3951.8(6) 2+ 0.030(1) d( 5
2 ) 0.0921(12) 0.0748(10)

3970.9(8) 3+, 4+ 0.0065(4) g 7
2

0.0930(3) 0.059(17)
3982.4(7) 2+, 3+ 0.0039(4) d( 5

2 ) 0.0132(4) 0.0112(3)
4001.0(7) 2+, 3+ 0.0091(5) d( 5

2 ) 0.0234(5) 0.0206(4)
4018.5(8) 1+, 2+ 0.0039(7) d( 3

2 ) 0.0216(8) 0.0155(5)
4029.1(9) 1+, 2+ 0.0116(9) d( 3

2 ) 0.0479(12) 0.0326(8)
4039.4(12) 1+, 2+ 0.0047(7) d( 3

2 ) 0.0208(12) 0.0141(8)
4048.5(11) 2+, 3+ 0.008(2) d( 5

2 ) 0.0233(11) 0.0199(9)
4056.1(12) 2+, 3+ 0.007(2) d( 5

2 ) 0.0216(11) 0.0183(9)
4068.5(17) 1+, 2+ 0.0008(4) d( 3

2 ) 0.0071(8) 0.0045(5)
4087.2(8) 2+, 3+ 0.0174(8) d( 5

2 ) 0.0524(10) 0.0434(8)
4096.9(12) 3−, 4− 0.0044(5) f 7

2
0.0120(7) 0.0064(4)

4111.4(9)

{
0.031(1)

2−, 3− f 5
2

0.0126(5) 0.0134(7)
5−, 6− h 11

2
0.105(6) 0.126(8)

4121.8(12) 1+, 2+ 0.0039(4) d( 3
2 ) 0.0117(6) 0.0087(4)

4134.6(10) 3+, 4+ 0.0065(5) g 7
2

0.0880(3) 0.0564(18)
4145.9(9) 0+ 0.0074(5) s 1

2
0.0144(4) 0.0130(3)

4157.9(9) 1+, 2+ 0.0055(4) d( 3
2 ) 0.0181(5) 0.0128(4)

4170.4(10) 2−, 3− 0.0052(4) f 5
2

0.0149(4) 0.0110(3)
4183.7(11) 2+, 3+ 0.0037(4) d( 5

2 ) 0.0081(3) 0.0071(3)
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TABLE IV. (Continued.)

Literature 111Cd( �d, p) 113Cd( �d, t)

E (keV) Iπ E (keV) Iπ dσ
d� cm

(mb/sr) �j SADWA
�j SDWBA

�j E (keV) Iπ �j S�j

4207.2(11) 0−, 1− 0.0068(5) p 1
2

0.0079(2) 0.00807(19)
4223.1(11) 5−, 6− 0.0073(5) h 11

2
0.104(3) 0.0702(18)

aUsed as calibration point.
bExistence of level in 112Cd is doubtful, but no target impurity responsible for the peak could be identified.
cAgrees with previously observed levels in 112Cd but not observed in the (n, n′γ ) experiment [18].

the (d, p) and (d, t) transfers to 112Cd. The differential cross
section at θ = 15◦ appears slightly raised in comparison with
that of other nearby 0+ states. It is noted that several of the
Iπ = 2+ levels near 2.8 MeV are very weakly populated in
the current work with S�j ∼ 0.03. If a doublet does exist, the
lack of observation of the 0+ level in the (n, n′γ ) experiment
implies that it lies very close in energy such that the γ -ray
decays were unresolved from those of the 2+ state.

8. 2868 keV levels

A level consistent with spin 3 was observed at 2867.5 keV
by Garrett et al. [18], which had previously been assigned
as an Iπ = 3+ state in the ( �d, t ) study [27]. This latter
assignment is confirmed by the observation in the current
work of a dominant g 7

2
transfer to a level at 2867.94(8) keV

[49]. Evidence was also found for the presence of a 3− state,
which was weakly populated in the ( �d, p) reaction via an f 5

2

transfer, with S�j = 0.02, thus supporting the conclusion by
Garrett et al. [18] of a doublet of levels at 2868 keV.

9. 2899 keV level

A J = 5 level was previously observed at 2899 keV, and
tentatively assigned as a 5− state in the (n, n′γ ) study by
Garrett et al. [18]. In the current work, a dominant h 11

2
transfer

was observed [49] to a level at 2899.01(11) keV confirming
the spin-parity assignment of 5− to this level.

10. 2924 keV levels

A tentative assignment of Iπ = 5− was previously made
in a (d, d ′) reaction [51] for a level at 2922 keV. This level
was reassigned by Garrett et al. [18] to Iπ = 4−. The current
work confirms the latter assignment with the observation of a
level at 2924.5(3) keV dominated by an f 7

2
transfer [49]. No

evidence was found in the current work of a 0+ state at 2924
keV observed in the ( �d, t ) study [28]. The lack of observation
of this latter level is consistent with the (n, n′γ ) study by
Garrett et al. [18].

11. 2947 keV levels

A doublet of levels was proposed by Blasi et al. [28]
at 2945 keV with Iπ = (2+ or 3+) and (3+ or 4+). Drissi
et al. [50] confirmed only the 2+ assignment. The (n, n′γ )
study by Garrett et al. [18] found a doublet of levels with Iπ =
2+ at 2944.9 keV and Iπ = 3+ at 2947.8 keV. In the current
work the 2+ level was not observed. A level dominated by a

f 7
2

transfer [49] was observed at 2946.98(8) keV, consistent
with either Iπ = 3− or Iπ = 4−.

12. 3002 keV level

Previous studies, most recently by Garrett et al. [18] have
tentatively assigned a 3+ level at 3002 keV [18]. The obser-
vation of a g 7

2
dominated transfer to a level at 3002.2(4) keV

[49] in the current study confirms this assignment.

13. 3067 keV levels

A level at 3066 keV with has been assigned to have Iπ =
3−, along with a level at 3069 keV with Iπ = 4+ [48]. In the
current study, a level was observed at 3067.10(10) keV, but
the transfer is dominated by a s 1

2
component [49], consistent

with Iπ = 0+. It is unclear why this level was not observed
in the (n, n′γ ) study [18]. There is no evidence in the angular
distributions of cross sections and analyzing powers from the
current work of a transfer consistent with population of 3−
or a 4+ levels, but these may be too weakly populated to be
observed.

14. 3071 keV levels

A doublet of levels at 3069 keV was tentatively assigned
with Iπ = (1+ or 2+) and (3+ or 4+) [28]. In the current work,
a d 3

2
dominated transfer was observed to a level at 3073.7(3)

keV [49]. This observation is consistent with both Iπ = 1+
and 2+. No contributions for transfer to a 3+ or 4+ level were
evident from the angular distributions.

15. 3110 keV levels

In the current work, a doublet of levels was found near
3110 keV, with energies 3107.9(3) and 3111.6(3) keV dom-
inated by p 3

2
and d 3

2
transfers, respectively [49]. Previously,

a 2+ level was assigned at 3108 keV, and the (n, n′γ ) study
found evidence of a J = 2, 3 level at 3106 keV [18]. Garrett
et al. [18] also observed a level at 3109.86(6) keV consistent
with I = 1. The evidence suggests that the level observed in
the current study at 3111.6(3) keV is Iπ = 1+, with the level
at 3108 keV corresponding to the previously observed 3106
keV level, and could be assigned either as an Iπ = 1− or
Iπ = 2− level; the lack of a ground state transition, however,
favors the 2− assignment.
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16. 3130 keV levels

A doublet of levels was previously assigned at 3131 keV
with spin-parities (5− or 6−) and 3− [48]. The former was
assigned unambiguously as a Iπ = 5− state in the (n, n′γ )
study, while the later was not observed [18]. In the current
work a transfer dominated by an f 7

2
component was observed

at 3130.1(2) keV [49]. This is consistent with the existence
of a 3− state. No evidence was found for a 5− contribution,
but it may be too weakly populated for observation, nor was
any evidence found for population of a 1− state reported at
3133 keV [18]. It is thus unclear why it was not observed in
the (n, n′γ ) reaction.

17. 3151.6 keV level

A new level was observed at 3151.6(3) keV, dominated by a
d 3

2
transfer [49], consistent with Iπ = 1+ or 2+. No candidate

target impurity could be identified. Unlike some of the other
suggested new levels, where γ -ray transitions to the ground
state or first 2+ state might be unresolved from neighboring
transitions, the location of this level should have enabled easy
identification of the decaying γ ray in the (n, n′γ ) study [18].

18. 3170 keV levels

A level was previously assigned as Iπ = 3− with an energy
of 3175(4) [48], but was not observed in the (n, n′γ ) study by
Garrett et al. [18]. In the current work, a transfer was observed
to a level at 3168.9(3) keV, dominated by an f 5

2
contribution

[49], which is consistent with Iπ = 3−. There may be evi-
dence from the angular distribution for population of a 2+
level assigned at 3169.56(3) keV [18], but the spectroscopic
factor for this contribution is small, with S�j ≈ 0.007.

19. 3194 keV level

An I = 2 level was proposed at 3190 keV and later
confirmed to be 2+, with a possible 2+, 3+ level nearby at
3194 keV, by Garrett et al. [18]. The 2+ assignment for one of
these levels, favored to be the higher member of the doublet,
was confirmed in the current work by the observation of a d 3

2

transfer to a level at 3194 keV [49].

20. 3203 keV level

An I = 3 level at 3203 keV was first observed in the
(n, n′γ ) study [18], and tentatively assigned with positive
parity. This assignment is confirmed in the current study by
the observation of a g 7

2
dominated transfer [49] into a level at

3202.8(4) keV. Evidence was found of a d 5
2

component for
this level in the current work [49], with S�j ≈ 0.002. Both
contributions are consistent with an Iπ = 3+ assignment.

IV. INTERPRETATIONS

A. Two quasineutron configurations

The single-nucleon transfer reaction, when performed on
an odd-A target that can be described as a one-quasiparticle
state, populates the two-quasiparticle components in the final
state wave functions. Strong population of a state observed in

5 2373
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3 2635
2 2724 4 2711

3 28674 2894
6 2818

0 0

1 3112
2 3179

s1/2 d5/2

s1/2 h11s1/2 g7/2

s1/2 d3/2

( s1/2)2

FIG. 5. States with dominant two-quasineutron configurations.

these reactions implies that the two-quasiparticle component,
of the form jt ⊗ jtr where jt is the target single-particle con-
figuration, and jtr is the configuration of the transferred parti-
cle, is a dominant component of the wave function. Collective
states may be populated through the two-quasiparticle content
in their wave functions; these must, however, be one-phonon
states (or the one-phonon components of wave functions).
Strong populations of states can therefore be used to rule out
multiphonon configurations. This was used to refute the 5−
member of the quadrupole-octupole-coupled (QOC) quintu-
plet in Ref. [32]. In the discussion below, the two-quasiparticle
nature of the states will be discussed, combining the re-
sult of the present work with those of the 113Cd( �d, t )112Cd
reaction [28].

The target ground state of 111Cd is assigned as the neutron
s 1

2
configuration. The stripping reaction results in the trans-

fer of a neutron into the 111Cd target; it thus preferentially
populates states above the Fermi surface. In the case of pure
spherical shell model configurations, only a limited number of
states would be populated: 0+ from (s 1

2
)2; 1+, 2+ from s 1

2
d 3

2
;

2+, 3+ from s 1
2
d 5

2
; 3+, 4+ from s 1

2
g 7

2
; 3−, 4− from s 1

2
f 7

2
;

and 5−, 6− from s 1
2
h 11

2
. As can be seen from Table IV, far

more states are populated than this limited number. In some
cases, especially for the d 3

2
and d 5

2
orbitals, the strength is

severely fragmented so that no state carries more than a small
fraction. In others, as has already been outlined in Ref. [32]
for the s 1

2
h 11

2
configuration, definite assignments for the two-

quasiparticle configurations can be made. Figure 5 displays
the states assigned as having substantial two-quasineutron
configurations. In the case of the s 1

2
g 7

2
4+ state, there are

two states close in energy that have nearly equal g 7
2

transfer
strengths in both the (d, p) and (d, t) reactions.

1. The (s 1
2

)2 configuration

The ground state was populated with the largest � = 0
strength observed in the present work. In the 113Cd( �d, t )112Cd
study [28], the ground state was populated with strength
of S0, 1

2
= 1.14, implying that the neutron component of the

ground state wave function is dominated by the (s 1
2
)2 configu-

ration. The 1224 and 1433 keV levels were weakly populated
in the ( �d, p) reaction, and were not observed in the ( �d, t) study
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[28]. Of the remaining 0+ states, only the level at 2300 keV
was populated with a non-negligible strength in both the
( �d, p) and ( �d, t) reactions.

2. The s 1
2

d 3
2

configuration

The coupling of the s 1
2

and d 3
2

orbitals should yield two
states, 1+ and 2+, that should be strongly populated in the
single-neutron transfer reaction. A very strongly populated 1+
state was observed at 3112 keV with S2, 3

2
= 0.83, indicating

that its dominant component is the s 1
2
d 3

2
configuration. The

2+ state with the strongest d 3
2

transfer population is in close
proximity, at 3179 keV, with S2, 3

2
= 0.51. It is seen that the

d 3
2

transfer strength is highly fragmented in 112Cd.

3. The s 1
2

d 5
2

configuration

The coupling of the s 1
2

and d 5
2

orbitals yields states with
Iπ = 2+ and 3+. The levels populated with the greatest d 5

2

transfer strength are the 3+ level at 2635 keV, with S2, 5
2

=
0.44 in the (d, t ) reaction [28] and S2, 5

2
= 0.2 in the (d, p)

reaction, and the 2+ level at 2724 keV with S2, 5
2

= 0.4 in
the (d, t) reaction [28] and 0.22 in the (d, p) reaction. These
levels have significant fractions of the s 1

2
d 5

2
configuration in

their wave functions, but it is unlikely to form an admixture
greater than 50%. As with the d 3

2
strength, the d 5

2
strength is

greatly fragmented amongst excited states in 112Cd.

4. The s 1
2

g 7
2

configuration

The levels with the greatest g 7
2

transfer strength are the

3+ state at 2867 keV with S4, 7
2

= 0.55 in the ( �d, p) reaction,

and S4, 7
2

= 0.65 in the ( �d, t ) reaction [28]. Two 4+ states
share the greatest fraction of the � = 4 transfer strength; the
states at 2711 and 2894 keV with S4, 7

2
= 0.51 and 0.36,

respectively, in the ( �d, p) reaction, and S4, 7
2

= 0.37 and 0.45,

respectively, in the ( �d, t ) reaction. As with the s 1
2
d 5

2
config-

uration, it is unlikely that the s 1
2
g 7

2
configuration forms the

dominant component of the 4+ wave functions. These levels
were also observed in an inelastic scattering experiment [52]
with B(E4 ↑) = 3.6(4) and 4.7(5) W.u., and form part of the
highly fragmented hexadecapole phonon state.

5. The s 1
2

h 11
2

configuration

The s 1
2
h 11

2
configuration was discussed in Ref. [32], where

the 5− member was assigned at 2373 keV and the 6− member
at 2818 keV. They were populated in the (d, p) reaction with
S5, 11

2
= 2.7 and 6.1, respectively, and in the (d, t ) reaction

with S5, 11
2

= 0.2 and 0.6. These spectroscopic factors indicate
that the s 1

2
h 11

2
configuration is the dominant component of the

wave function of these levels. The 5− state at 2373 keV was
also observed to be strongly populated in inelastic scatter-
ing experiments with β5 ≈ 0.05 [53], indicating a collective
dotriacontapole component. The νs 1

2
h 11

2
configuration, with

�l = �j = 5, may be an important microscopic component
of such a collective state.
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FIG. 6. Sums of strengths for each j -transfer value from the
111Cd( �d, p)112Cd as a function of the excitation energy.

B. Sum rules

The summed strength of a single neutron transfer with total
transferred angular momentum j should equal the number of
particles or holes occupying the j orbital in the target for
pickup or stripping reactions respectively. Figure 6 shows the
sum strength observed in the present work for each j transfer
as a function of the excitation energy for strengths extracted
using the ADWA and DWBA calculations. Summing the total
strength for a j transfer from both the single-particle pickup
and stripping reactions on a given target nucleus, the result
should be

Nh
j + N

p
j = 2j + 1, (12)

where Nh
j and N

p
j are the numbers of holes and particles in

the j orbital of the target. The total sum of strength from a
stripping reaction should equal the sum of valence holes in
the ground state of the target nucleus. The 111Cd( �d, t )110Cd
pickup reaction studied by Blasi et al. [27] used a 22 MeV
polarized deuteron beam, as in the present study, and states
states up to 4.2 MeV were identified. They adopted an overall
30% uncertainty associated with their choice of optical poten-
tial in the DWBA analysis. Table V lists the sums of strengths
observed in the present work.

The total s 1
2

strength from both the stripping and pickup
reactions sums to about 2.3, which agrees well with the sum
rule given the uncertainties in the measured spectroscopic
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TABLE V. Sums of strengths for � = 0–5 transfers in the
111Cd( �d, p)112Cd reaction. Uncertainties are quoted in parentheses
and do not include the contribution due to the reaction modeling or
choice of optical model parameters.

�j 3s 1
2

3p 1
2

3p 3
2

2d 3
2

2d 5
2

DWBA 1.08(2) 0.0081(2) 0.143(4) 3.60(4) 1.00(5)
ADWA 1.29(4) 0.0079(2) 0.132(4) 5.19(2) 1.15(7)

�j 2f 5
2

2f 7
2

1g 7
2

1h 11
2

DWBA 0.072(4) 0.335(13) 2.46(11) 6.8(3)
ADWA 0.052(3) 0.562(4) 3.73(2) 11.3(2)

strengths. The DWBA strength for the d 3
2

transfers also agrees
well with the sum rule, whereas the ADWA strength for
these states seems to overestimate by about 60%. The ADWA
calculation agrees well with the sum rule for the g 7

2
and h 11

2

transfers, while the DWBA analysis suggests that ∼20% and
∼35%, respectively, of the strength is not observed. Both
reaction models suggest that less than 50% of the d 5

2
strength

is observed.
The sum rule analysis, summarized in Table VI, indicates

that the strengths from 3s 1
2
, 2d 3

2
, and 1h 11

2
levels are almost en-

tirely accounted for by the transfer into states below 4.2 MeV.
The strength of the 2d 5

2
orbitals, however, may be fragmented

above 4.2 MeV. However, some of the d 5
2

strength from the

present ( �d, p) reaction might be mixed with 2+ and 3+ levels
that are dominated by the transfer allocated to the 2d 3

2
and 1g 7

2

orbitals, respectively. In the former case, the distorted wave
calculations did not reproduce the pure d 3

2
and d 5

2
states well

enough to determine contributions from multiple j transfers.
In the latter case, the angular distribution of cross sections
should have indicated multiple � transfers, but, if the � = 2
transfer strength was small compared with the � = 4 transfer,
it might not have been observable.

The centroid energies for the single-particle states ob-
served are 2.43 MeV for the s 1

2
, 3.00 MeV for the d 3

2
, and

2.80 MeV for the h 11
2

. The centroid for the observed d 5
2

and
g 7

2
strengths are 3.30 and 3.07 MeV, respectively, but, since

there are significant unaccounted strengths, the true centroids
are likely higher in energy. Insufficient strength was observed
for other orbitals to allow for any meaningful conclusions on
their energy centroids.

TABLE VI. Strengths from 111Cd( �d, p)112Cd and
111Cd( �d, t )110Cd [27], for single-particle states between the
N = 50 and N = 82 shell closures.

State Sum of strengths
∑

(strip+pickup) 2j + 1

ADWA DWBA 111Cd( �d, t ) ADWA DWBA

3s 1
2 1.3 1.1 1.1 2.4 2.2 2

2d 3
2 5.2 3.6 0.8 6.0 4.4 4

2d 5
2 1.1 1.0 1.6 2.7 2.6 6

1g 7
2 3.7 2.5 2.7 6.4 5.2 8

1h 11
2 11.3 6.8 0.5 11.8 7.1 12

V. CONCLUSIONS

Levels in 112Cd were investigated with the 111Cd( �d, p)
reaction with 22 MeV deuterons with a polarization of P =
0.80(4). Cross sections and analyzing powers for 129 lev-
els, of which 49 are newly observed, were determined. The
experimental angular distributions were compared with both
DWBA and ADWA calculations. The ADWA calculations
give a better reproduction of the angular distributions of the
cross sections for � = 0 transfer. For the � 
= 0 transfers,
there are variations from state to state such that the ADWA
and DWBA calculations are equally as good. Considering
the analyzing powers, the DWBA generally provides a better
description, but also with variations from state to state. The
levels observed are interpreted in terms of the two quasi-
particle states with orbitals coupled to the s 1

2
neutron from

the 111Cd target. As reported previously [32], based on the
current data an important reassignment of the 5− member
of the quadrupole-octupole-coupled quintuplet to the s 1

2
h 11

2

configuration was made, questioning the appropriateness of
the heterogeneous two-phonon assignments. Combining the
results from a previous 111Cd( �d, t ) study, the sum rules are
approximately obeyed for the s 1

2
, d 3

2
, and h 11

2
orbitals, with

less than 50% of the d 5
2

and 65–80% of the g 7
2

sum rule
observed.
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