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Abstract. The structure of 156 Gd was investigated with the Q3D magnetic spectrograph and the (p,t) transfer reaction at an incident energy of 23 MeV. Excitation energies in 156 Gd were extracted following a calibration procedure using the 154 Gd(p,t)
and 172 Yb(p,t) reactions measured under the same magnetic conditions. This study is
concentrated on revealing the 0+ excited states, which are some of the least understood
excitations in the low-energy structure of atomic nuclei. These excitations are well
revealed in the (p,t) transfer reaction, which is known to provide an almost complete
spectroscopy of low-spin states. Spin assignments were obtained by measuring angular
distributions with a good energy resolution and comparing them with the calculations
made using the Distorted Wave Born Approximation (DWBA). Many states with different spins in the energy interval between 0 to 3500 keV were identified. The aim
of this paper is to present the results for 0+ states; we obtained 18 excited 0+ states,
of which 12 have not been previously observed in (p,t) reactions and 6 are confirmed.
The high number of 0+ states observed in this work provides an opportunity to test the
theoretical models.
Key words: rare-earth region, Q3D spectrograph, (p,t) reaction, 0+ states.

1. INTRODUCTION

The rare-earth region is an area suited for the study of collective motion and
deformation and contains transitional, vibrational, and well-deformed nuclei. In the
case of these nuclei, a high number of quadrupole excitations and collective modes
can form 0+ states, which have a complex and not very well understood structure.
In the case of low excitations, the 0+ excited states can be interpreted in terms of
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β-vibration [1], shape coexistence [2], pairing vibration [3], spin-quadrupole interaction [4], etc.
The properties of low 0+ states can be predicted using different models, such as
the interacting boson model (IBM) [5], and the quasiparticle-phonon model (QPM)
[6]. The vibration described by Bohr and Mottelson is a very different state from
the β-band predicted by IBM. In the predictions given in Ref. [1], β-vibration is
very similar to γ-vibration, which is a quadrupolar vibration that differs primarily
through the projection of its angular momentum onto the nuclear symmetry axis. In
the IBM model, the β-band has the property of imitating a phononic excitation based
on β-vibration. Several studies on K π = 0+ excited low band concluded that this is
a phononic state, built on γ-vibration [7].
The structure of 0+ excited states in deformed even-even nuclei is still not very
well understood. In Ref. [8], the properties of low 0+ states and the terminology
used in their description, in terms of β-vibration in deformed nuclei from the rareearth region, were examined. If a 0+ excited state does not match the requirements
of a β-vibration, then this state cannot be labeled as such. According to Ref. [8],
the condition for 0+ excited states to be labeled as β-vibration is that the value of
+
3
B(E2; 0+
β → 2gs ) is about 12-33 W.u. or that the value of ρ(E0) × 10 is about
85-230. Also, the transfer strengths of these states have to be small. With a B(E2)
value of 8+4
−7 W.u. [9], a ρ(E0) of 42 (21) [9], and a (p,t) transfer strength of 10%
[10], the first excited state in 156 Gd does not fully satisfy the conditions to be labeled
as β-vibration. Nevertheless, further examination of the 0+ excited states will shed
more light on the structure of this nucleus.
The Gd nuclei were among the first studied with the (p,t) reaction and in which
a large number of 0+ excited states was found, 14 for 158 Gd [11] and also 10 and
15 for 152 Gd and 154 Gd, respectively [12]. For the study of the nuclei mentioned
above, the spdf-IBM calculations suggested the double octupole character of 0+ excited states [13]. Following a more recent (p,t) experiment, the total number of 0+
excited states obtained using the (p,t) transfer reaction, up to the excitation energy
of 4.3 MeV, was increased to 36 [14]. In the case of the IBM model, this revealed a
number of 17 0+ states [15], which is far from the corresponding number obtained
experimentaly, but the overall trend of the transfer intensity could be reproduced.
The 0+ states from 158 Gd were also interpreted with QPM [16], which predicted 14
states below 3.2 MeV, in agreement with the number observed experimentally in Ref.
[11], while giving a fair reproduction of the transfer strengths.
The nucleus studied in this paper, 156 Gd, lies only two neutrons away from
158 Gd, where considerable information about the 0+ states has been gathered so
far. At the same time, as we mentioned above, a similar (p,t) experiment has been
published for 152 Gd and 154 Gd [12], reporting an increased number of 0+ states.
Therefore, it is interesting to complete the search for 0+ states in Gd nuclei with a
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similar experiment on 156 Gd.
156 Gd properties were studied using several types of experiments, like β decay,
(n,γ) and transfer reactions, etc. [17]. This nucleus was also studied in Ref. [10]
where a number of 3 0+ excited states was obtained. Although this nucleus has
been intensively studied so far, we still managed to obtain many new 0+ states. In
this paper we present results of 0+ states obtained with 158 Gd(p,t)156 Gd two neutron
transfer reaction in the region from 0 up to 3.5 MeV.
2. EXPERIMENT DETAILS

The study of the nucleus 156 Gd was made using the 158 Gd(p,t)156 Gd two neutron transfer reaction. The experiment was performed at the Maier-Leibnitz-Laboratory for Nuclear and Particle Physics of LMU Munich and TU Munich. The incident
proton beam energy was 23 MeV and its intensity was maintained for the entire duration of the experiment near the value of 1.7 µA. For this experiment, we used a 158 Gd
target with a thickness of 50 µg/cm2 , which was deposited on a carbon foil with a
thickness of about 4 µg/cm2 . The reaction products were analyzed with the Q3D
magnetic spectrograph [18] and then detected using a focal plane detector [19, 20].
The spectra obtained in the present experiment were analyzed with the RadWare
package [21].
Spectra were collected at three magnetic settings. The first magnetic setting
allows us to study the nucleus 156 Gd from 0 MeV up to 1.4 MeV, the second one
from 1.2 MeV up to 2.7 MeV, and the third one from 2.2 MeV up to 3.5 MeV. The
spectra were measured at four angles for the first and the third magnetic setting, and
at eight angles for the second magnetic setting, with values between 5◦ and 40◦ . In
Fig. 1 the spectra obtained at 10◦ for all magnetic settings can be seen. Also, the
overlapping regions between adjacent magnetic settings are indicated. The energy
resolution was about 5-10 keV, determined mainly by the thickness of the target. The
acceptance of the Q3D magnetic spectrograph, dΩ, for 5◦ was 7.54 msr and for the
other angles was 15.94 msr. Many excited states up to 3.5 MeV were revealed by this
experiment, from which eighteen are 0+ and are presented in this paper, while other
states with higher angular momentum will be presented in a forthcoming paper.
The position of a peak in the focal plane does not depend linearly on energy
and is influenced by the complex magnetic field inside the spectrograph. As a result, the energy calibration of the spectra is based on a comparison with well-known
levels from that spectrum. In the case of the calibration for the spectra obtained by
using transfer reactions, the major difficulty is given by the fact that these reaction
types populate many states that are not populated with other reaction types. A unique
identification of populated states is often difficult, especially at high excitation ener(c) 2021 RRP 73(0) 202 - v.2.0*2021.11.8 —ATG
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Fig. 1 – The spectra obtained for the 158 Gd(p,t)156 Gd transfer reaction at an angle of 10o , with an
incident energy of 23 MeV. The spectra displayed in the three panels were measured at three magnetic
settings of the Q3D magnetic spectrograph. Some of the excitation energies in keV, obtained using
calibration reactions, are marked. The overlap region (marked with Ov.) is also presented in this figure.

gies, because the density of levels increases fast with the excitation energy and, in
addition, there are only a few known levels with a spin-parity assignment. In the absence of this one-to-one identification, other reactions of the same type using lower
level density spectra or better known isotopes are performed, using the same magnetic settings. This process is called calibration transfer, and for the present study we
used the 154 Gd(p,t)152 Gd [12] and 172 Yb(p,t)170 Yb [22] reactions. The Q values of
these reactions differ from the value for our reaction by 844.4 keV and 336.8 keV,
respectively. The targets used in the case of calibration reactions had a thickness of
50 µg/cm2 and were also deposited on a thin foil of carbon. In Fig. 2, the spectra
obtained for our reaction and for the calibration reactions for the second magnetic
setting at the angle of 10◦ are presented together with the known excitation energies
in the residual nuclei and with the Q values. The energy calibration in the case of
spectra measured using the third magnetic setting has a higher uncertainty than the
calibration for the other magnetic settings. Above 2781 keV, we could not use the
154 Gd(p,t)152 Gd and 172 Yb(p,t)170 Yb reactions for precise energy calibration. In(c) 2021 RRP 73(0) 202 - v.2.0*2021.11.8 —ATG
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Fig. 2 – Illustration of the calibration procedure for the second magnetic setting of the Q3D magnetic
spectrograph at 10o using the 154 Gd(p,t)152 Gd and 172 Yb(p,t)170 Yb reactions. The peaks of 152 Gd
and 172 Yb are well known, and their energies in keV are taken from ENSDF [23, 24]. The Q values
are also shown in this figure.

stead, we tried to find the correspondence between the peaks observed in the spectra
and the energy levels from ENSDF. In the first step, we calculated the differences
between the energies obtained by using transfer calibration and the corresponding
energies from NNDC and then we computed the weighted average of these differences. Only five experimental energy values for states with different spin from the
overlap region that match with the data from NNDC were found. In the final step,
we applied a correction equal to the weighted average to the experimental energies
and the new values were compared with the values from NNDC. On the basis of the
comparison results, an uncertainty of ± 5 keV was assigned to the energy calibration
in the case of the third magnetic setting.
The peak area corresponding to a state from the experimental spectrum measured at an experimental angle relative to the beam direction is a measure of the
populating cross section for that state. The differential cross section in the laboratory
(c) 2021 RRP 73(0) 202 - v.2.0*2021.11.8 —ATG
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system (L) was calculated using the following formula:
 
dσ
Ni
=
,
dΩ L TM · Gt · Nf · dΩ · ε

6

(1)

where Ni is the number of counts (peak area), T M is the total dead time correction,
Gt is the thickness of the target, Nf is the total number of particles from the incident
beam, dΩ is the solid angle, and ε is the efficiency of the Q3D magnetic spectrograph
and has the value set to 100%.
To obtain the value of the differential cross section in the center of mass system
(CM), we used the following expressions, Ref. [25]:
 
 
dσ
dσ
1 + k · cosθ
=
(2)
dΩ CM (1 + k 2 + 2 · k · cosθ)3/2 dΩ L
with
s
ma · mb
T
·
,
(3)
k=
mA · mB Q + T
where ma is the projectile mass, mA is the target mass, mb and mB are the masses
of the reaction products, T is the kinetic energy, and Q is the energy released in the
reaction.
3. DWBA ANALYSIS AND RESULTS

The extraction of angular momentum transferred in reaction was made from the
direct comparison between the shape of the experimental angular distribution and different angular distributions calculated with the Distorted Wave Born Approximation
(DWBA) model. An important result of the DWBA model is that the differential
cross section depends on the angular momentum, L, transferred in the reaction. In
other words, for each L, the cross section will have a different shape, so the transferred angular momentum can be determined from the particular shape of cross sections at different angles.
In Table 1, the cross sections obtained for 5◦ , 17◦ , and 30◦ are presented together with the excitation energies, spins and parities, and transfer strength, , which
is defined as:
 
 
dσ
dσ
= ·
,
(4)
dΩ exp
dΩ DW BA
 
 
dσ
dσ
where
represents the experimental angular distribution while
dΩ exp
dΩ DW BA
is the theoretical angular distribution obtained with the DWBA method.
Statistical and systematic errors are both considered in the calculation of the
cross section uncertainties. The statistical error that is taken into consideration is
(c) 2021 RRP 73(0) 202 - v.2.0*2021.11.8 —ATG
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Table 1
Comparison between the results obtained in the present (p,t) study and data from NNDC. The first two
columns show energies, spins and parities from NNDC and in the last six columns the energies, spins
and parities, cross sections for 0+ states at 5◦ , 17◦ , and 30◦ and the transfer strengths, , from the
present study, can be observed.

Results
of Ref.[17]
Energy
(keV)

Results of the present work
Jπ

+

0.0
1049.487(2)
1168.186(7)
1715.211(4)
1851.278(7)
1988.5(2)
2160.7
2423.0

0
0+
0+
0+
0+
0+
(3+ )
0+ ,3+

2804.0(8)
2831.5(10)
2853.9
3055
3138

(2+ )
2+
+ +
1 ,2

Energy
(keV)

0.0(1)
1049.5(4)
1168.6(5)
1715.0(7)
1851.3(7)
1987.8(6)
2159.3(9)
2424.3(7)
2782(5)
2806(5)
2828(5)
2854(5)
3055(5)
3136(5)
3190(5)
3297(5)
3344(5)
3357(5)

Jπ

+

0
0+
0+
0+
0+
0+
0+
0+
0+
0+
0+
0+
0+
0+
0+
(0+ )
(0+ )
(0+ )

5◦
2235(112)
357(18)
60(4)
75(4)
52(3)
32.9(19)
24.1(15)
19.7(12)
11.3(7)
2.9(3)
3.0(3)
1.6(2)
35.7(19)
24.6(14)
4.8(4)
6.7(6)
8.4(6)
3.2(4)

Cross
section
(µb/sr)
17◦
41.4(21)
13.5(8)
0.9(1)
2.0(2)
10.0(6)
3.1(5)
0.6(1)
4.0(3)
3.3(2)
0.7(2)
1.1(2)
0.57(11)
4.0(3)
7.8(4)
1.3(1)
2.8(2)
3.1(2)
1.4(1)


(%)
30◦
382(27)
37(3)
7.1(7)
8.5(7)
5.6(4)
2.2(2)
4.2(5)
4.5(4)
4.3(3)
0.5(1)
1.0(1)
0.62(8)
10.5(8)
7.2(5)
0.85(8)
4.7(4)
4.3(3)
1.3(1)

100
12.6(7)
1.98(12)
2.17(12)
2.42(13)
1.12(7)
0.63(4)
0.75(5)
0.46(3)
0.09(1)
0.12(1)
0.07(1)
1.05(6)
0.95(6)
0.15(1)
0.32(3)
0.36(3)
0.36(5)

attributed to the number of counts (peak area) and the systematic error is attributed
to the error of solid angle, thickness of target, angle, and efficiency. The total uncertainties were obtained by the quadratic sum between the systematic and statistical
errors, and the results of these are of about 10 %. In Fig. 3, a comparison between the
experimental angular distributions, with black dots, and the theoretical calculations
made by using the DWBA method, with red line, can be observed for 0+ excited
states obtained in this study. The shape of L=0 can be identified very easily to all
three magnetic settings of the Q3D magnetic spectrograph. For the representations
from Fig. 3, we used the (1h 9/2)2 configuration for the 0+ state obtained at 1987.8
keV and the (1i 13/2)2 configuration for all the other states.
The theoretical calculations were performed using the CHUCK3 code [26],
in which we assumed that the (p,t) transfer reaction takes place through a single(c) 2021 RRP 73(0) 202 - v.2.0*2021.11.8 —ATG
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Fig. 3 – (Color online) Experimental angular distributions (black dots) and DWBA calculations (red
line) for transferred angular momentum L=0 in the 158 Gd(p,t)156 Gd transfer reaction. The shape of
the transfer with L=0 is identified, but with a doubt for the last three states.

step process. The optical model parameters used in our calculations for protons and
tritons were taken from Ref. [27]. The experimental dots are largely reproduced
by the theoretical calculations using the DWBA method for the transferred angular
momentum L=0. If the target is an even-even nucleus (ground state has J π = 0+ ),
then L coincides with the spin of the state populated in the final nucleus.
In this study, the number of observed 0+ states was increased up to eighteen
with energies up to about 3.5 MeV. The states 1049 keV and 1168 keV were assigned
as 0+ states in Ref. [10] using (p,t) reaction and were confirmed in our work with the
energies 1049.5 keV and 1168.6 keV, respectively, using the first magnetic setting.
The state 1715 keV obtained by us was assigned as 0+ also in [10] but with
an energy of 1740 keV; this level was observed also with other reaction types in
Refs. [28–30], with the correct energy of 1715 keV. The states with energies 1851.3
keV and 1987.8 keV, identified in this work as 0+ states, were also observed in Ref.
[31] with energies 1853 keV (without spin and parity assignment) and 1989 keV
(tentative 0+ ), respectively. The states with energies 2159.3 keV and 2424.3 keV,
assigned by us as 0+ states, were previously reported in Refs. [30, 32], with the
(c) 2021 RRP 73(0) 202 - v.2.0*2021.11.8 —ATG
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Fig. 4 – Transfer strength measured for 0+ excited states obtained for 156 Gd.

energies 2160.7 keV and 2423.0 keV and spin-parity assignment (3+ ) and 0+ , 3+ ,
respectively. The last five states mentioned were obtained with the second magnetic
setting. Concerning the states above 2781.9 keV, measured with the third magnetic
setting (see the comment on energy calibration), we mention that the states with
energies 3055.1 keV and 3135.6 keV were also observed in Ref. [31], with energies
3055 keV and 3138 keV, but the spins and parities were not assigned.
The last three 0+ states have only a tentative spin assignment since we observed
a discrepancy between the measured and the DWBA angular distribution, especially
at 5◦ ; see Fig. 3.
In Fig. 4 is presented the transfer strength, , measured for 0+ excited states
obtained in this work. The transfer strengths for these states were normalized to the
ground states for which  = 100%. The strongest transfer, 12.6%, can be seen for the
first 0+ excited state, namely 1049.5 keV, while all the other states have a summed
transfer strength of about 13%. Also, in this figure can be observed the fact that the
energy distribution for 0+ states is almost uniform while their intensity distribution is
divided into two groups, the first one at around 2 MeV and the second one at around
3 MeV. In Fig. 5 is shown a comparison between cumulative transfer strengths for
nuclei from the rare-earth region. As can be seen in Refs. [12, 14, 22, 33, 34],
(c) 2021 RRP 73(0) 202 - v.2.0*2021.11.8 —ATG
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Fig. 5 – (Color online) Cumulative transfer strengths for nuclei from the rare-earth region. With
thickened blue line are presented the results of the present work.

the data were recently obtained with (p,t) transfer reaction experiments. In Fig. 5,
the results for 156 Gd obtained in the present experiment are represented with a thick
blue line. The cumulative transfer strengths for 152 Gd and 150 Sm are presented and
have very large values in comparison with other nuclei due to shape coexistence.
In comparison with 156 Gd for which we observed 18 excited 0+ states up to the
energy of 3.5 MeV, in 158 Gd 22 states were populated in the same excitation range,
while the total number is 36 states up to 4.3 MeV. For 158 Gd, IBM calculations were
performed and predicted only 17 excited 0+ levels. In this case, is clear the fact that
some of the 0+ excitations observed have a two-quasiparticle nature and cannot be
well reproduced by this model. The next step in our work will be to make also IBM
calculations for 156 Gd in order to obtain more information about the structure of the
0+ excited states presented in this paper.
Although several theoretical investigations were devoted to the study of transfer
intensities in 158 Gd, the situation is a bit different for 156 Gd where there are virtually no transfer strengths calculated. One of these calculations was reported recently
in Ref. [35] where the authors calculated the two neutron transfer intensities using
the interacting boson model based on the nuclear energy density functional theory,
(c) 2021 RRP 73(0) 202 - v.2.0*2021.11.8 —ATG
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a phenomenological IBM-2 calculation, and a consistent Q-formalism IBM-1 approach. The authors have concentrated only on the first two excited states, and in
general, the trend observed experimentally is well reproduced. However, the calculations fail to reproduce the detailed values of the Gd isotopes for each excited state. In
particular, for 156 Gd the models produced very small transfer strengths, as compared
to the experimental situation (see Table 1). Nevertheless, since the overall trend is
well reproduced, one can infer from these calculations that the mapped IBM results
indicate a relatively moderate structural evolution as compared to the other two models used, but the inclusion of higher order terms in the transfer operators is needed
for a better description.
4. CONCLUSIONS

In this study we presented the investigation of the nucleus 156 Gd obtained by
using the (p,t) transfer reaction in the energy interval between 0 and 3.5 MeV. The
results were obtained using the Q3D magnetic spectrograph and the focal plane detector in Munich. In this way, a number of 18 excited 0+ states were found and spin
assignments were made based on the comparison with DWBA. From all these states,
six were confirmed and the other twelve are seen for the first time with a (p,t) reaction. The new data offer the possibility for a stringent test of any theoretical model
predicting the nature of 0+ states.
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