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Experimental study of the 147�
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Abstract. The low-lying level structure of the 147Eu nucleus has been studied via the (p,nK ) reaction. The 

non-selective character of this reaction allowed a near-complete spectroscopy for the levels below 2 MeV 
excitation. A number of 14 new levels have been assigned and lifetimes have been measured  for the first time in 
this nucleus for 6 excited states with the Doppler shift attenuation method.   
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1. INTRODUCTION 
 

The structure of the heavy (A>140) odd-mass Eu nuclei has become a matter of interest in the 
recent years due to the observed transitional behaviour from spherical nuclei (around A=147) 
to deformed ones (around $A=155$). This transition has been subject of a detailed analysis in 
the frame of the Interacting Boson-Fermion Model (IBFM-1), in which a single proton was 
coupled to the even-even cores of Sm [1]. In this study, the theoretical predictions have been 
tested against experiment for the excitation energies, electromagnetic multipole moments, 
transition probabiliti es and spectroscopic factors for single-proton transfer reactions. Overall 
a reasonably good agreement has been obtained for both the positive and negative parity 
states. A slightly better description of the positive parity group of states has been reported in 
ref. [1], probably due to the employment of two orbitals (d5/2 and g7/2) for the odd proton. 
Moreover, the experimental information previous to the study of Ref. [1] is more abundant 
for the positive parity states, allowing a better determination of  model parameters. 

From the systematic calculations of ref. [1] has emerged the necessity of new 
experimental data in the odd-A Europium isotopes, especially the li fetimes for the low-lying 
nuclear levels. These data should provide decisive information in order to characterize the 
A=150 transitional region in this isotopic chain and a further test for the algebraic and 
geometrical nuclear models [2,3]. In this respect, an experimental study of the 147Eu isotope is 
particularly relevant due to the following reasons:(a) it has never been studied up to the 
present work with the non-selective reaction (p,nK
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lifetimes of low-lying levels is missing, (c) from the structure point of view it presents a 'pure' 
case of a spherical nucleus (with a U(5) even-even core), therefore it can be a good candidate 
to fix  unambiguously the model parameters both in the algebraic and geometrical models.  

By taking advantage of the non-selective ]
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study we have obtained new experimental information in the 147Eu nucleus with the aim of 
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coincidence measurements and, for the first time in this nucleus, lifetimes have been 
measured with the Doppler shift technique. The experiments reported in the present study 
have been performed at the IFIN-HH tandem Van de Graaff accelerator as part of a 
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Nuclear Physics. Previous results obtained in this program have been reported, e.g., in Refs. 
[4,5]. It is important to mention that the proton beams provided by  a tandem accelerator 
satisfy the intensity, stability and energy resolution required by such measurements. Our 
experimental studies involved a multi-detector system, a multiparameter  data acquisition 
system [6] and an advanced off -line data analysis package [7] which allowed a highly 
unambiguous determination of nuclear state parameters. This made it possible to extend the 
known excitation spectrum with many new levels populated with low intensity in our non-
selective reaction. Also, for 6 states we have measured the lifetimes with the centroid-shift 
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technique, therefore new transition probabili ties have been extracted for states at excitation 
energies  below 2 MeV.  
 

2. EXPERIMENTAL METHOD 
 

Excited states in 147Eu have been populated with the nuclear reaction 147Sm(p,n�

� 147Eu. 
Incident proton energies of 5.8 MeV and 6.5 MeV have been used in the lifetime 
� � � � � � � � � �
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12 energy points with 100 keV steps in the 4.9-6.2 MeV energy range has also been 
measured, aiming at a possible narrowing of the spin-parity assignments of the nuclear states. 
As mentioned in the introduction, the main goal of this study was to assign new levels in 
147Eu, with relatively low spin and excitation energy. These levels had not been observed in 
the previous studies with heavy ions [8], beta-decay [9], or (p,2n�
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different selectivities. In our reaction, many of these levels are populated with rather low 
cross section. Thus, their observation imposed a complex experimental setup and several 
distinct experiments, in order to be able to assign unambiguously the observed gammas to the 
147Eu nucleus. For the coincidence measurements the 147Sm target had 20 mg/cm2 thickness 
obtained from bulk material with the roll ing technique. For the li fetime measurements and 
excitation function determination a 40 mg/cm2 target was mounted on a thick tantalum 
backing. The isotopic enrichment of the targets was 97%.  

For the detection of the gamma rays we employed a setup comprising 3 HPGe 
detectors of 18% eff iciency and FWHM energy resolution at 1.33 MeV of 2.0, 2.3, and 2.5 
keV, respectively. In the coincidence experiments the detectors were placed at 9 cm distance 
with respect to the target, with the angular positions at 901 , 1251  and -1251  relative to the 
beam direction. For the excitation function measurements the gamma detector with the best 
resolution was kept in constant angular position at 551  relative to the beam direction. 
Neutrons produced in the reaction were recorded in coincidence with the prompt gamma rays 
with a liquid scintillator NE215 type, 1 liter volume detector, located in the forward direction 
and shielded with a 2.5 cm thick lead brick. Coincidences between all these detectors have 
been recorded in the list-mode on the hard disk of a PC, and then used for off -line data 
processing.  

For the excitation function measurements the gamma detector with the best resolution 
was kept in constant angular position at 55

1
 relative to the beam direction. The proton 

incident energy was varied in steps of 100 keV between 4.9 MeV and 6.2 MeV, and a proper 
normalization has been obtained by integrating the proton beam in a Faraday cup specially 
designed for these measurements. The excitation functions, obtained for deexcitation gamma-
rays from different levels, can be used to determine, or at least limit, the spin and parity 
values of the levels, by comparison with Hauser-Feshbach calculations. Work in this direction 
is in progress. Further information can be also obtained from 2 -ray angular distribution 
measurements. In the present work we report only on the level and decay scheme obtained 
from the coincidence measurements. 
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distinct runs, each 4 days long, at incident proton beam energies of 5.8 MeV and 6.5 MeV 
and beam intensities of 20-30nA. The recorded primary data were later sorted off-line in 
different matrices. Assignment of gamma rays to decay of levels in 152Eu have been made 
from the spectra coincident with neutrons, as well as from A -A 6 7
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previous knowledge of the level scheme (Nuclear Data Sheets [11]).   
H

I J K

L

M N -NO I

P

Q O

P R

M Q O M S

T

K U I K V W M S I

X Y

Z K J

P

O M S

L

Z [ M

\

M M Q O I Q S K J ] O K M

R P

Q I J

R

M J K I

examine the coincidence relationships. First, we made a usual, symmetric N -N O I

P

Q O

P R

M Q O M

matrix. Second, a so-called 'two- ^

_

` a b c

^

b c

d

`

e f g h i
j

k c

_

l

m

n

o

c

^

p

` ` q b r q

^

_

l s b

_

`

d

t u

m

_

o

v -ray 
` q ` l w x r q r q ` c n

m

^

t

c q

d

_

o

`

^

s k r

y

_

o

` ` q ` l w

m

`

^

r

y

` z ` l x

_

u

r b r

m

q b

m d

` q

_

v -rays on the second 
axis. This TSC matrix is very useful since it readily shows all pairs of gammas which may 



Experimental study of the 147Eu nucleus 

 

355 

 

deexcite one level down to the ground state; in such a case, a level shows up as a peak on the 
sum-energy axis, with  the energy equal to its excitation energy, and by gating on this peak 
one gets a spectrum clearly showing the pairs of gamma rays which decay that level.  

Figures 1 and 2 il lustrate our coincidence data analysis. Thus, Fig. 1 is a gamma-ray 
spectrum obtained by gating on the 804.5 keV � - �
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keV deexcites the 1033.8  keV level (see the level scheme discussed below and presented in 
Figures 3 and 4); besides the previously known (Figs. 3, 4) coincidences with the 229.3, 
387.5, and 613.1 keV transitions, this gate shows other  transitions which have been assigned 
to the decay from three new levels: 496.3 keV (from  the level at 1530.5 keV), 571.0 keV 
(from level 1604.9 keV), and 618.7 keV  (from level 1652.7 keV). Figure 2 il lustrates a gate 
in the TSC matrix, on the peak of energy 1661.0 keV from the sum-energy axis. The pairs of 
gamma rays which deexcite the level with this excitation energy appear as symmetric peaks, 
with equal intensities: 229.3-1431.7, 755.1-905.9,778.1-883.0, and 799.4-861.6 keV; thus, it 
is clear that a level with excitation energy of 1661.0 keV (assigned in this work) decays to the 
ground state by these two step cascades (through known levels in this case). These cascades, 
as well as other possible decays of the levels, have been checked also by coincidence 
relationships obtained by gating in the symmetric matrix. In general, a new level has been 
assigned to this nucleus if more than one coincidence relationship leading to its excitation 
energy could be confirmed.  

Lifetime measurements have been performed in 3 distinct runs, employing the 
centroid-shift technique ( a version of the Doppler-shift attenuation method). The beam 
intensities were in the 10-15 nA range. The reaction 147� �
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recoil velocities in comparison with heavy-ion induced reactions but has also some 
advantages. First, it is a non-selective reaction, it populates practically all levels within a 
certain spin window. Second, being endoenergetic, it can be performed at beam energies 
slightly above the threshold of the desired level, leading to its direct population, and thus 
avoiding the difficult problem of having to take into account the cascade-feeding of the level 
of interest; in the same time, close to the threshold the recoiling nuclei move in a relatively 
narrow cone centered on the forward direction. The Q-value of this reaction is 2.544 MeV, 
therefore at the incident energies of 5.8 and 6.5 MeV were promptly fed levels in 147Eu with 
energies up to about 2 MeV excitation. In these measurements, the gamma radiations have 
been detected with a 18% eff iciency HPGe detector placed at 30 cm from the target. The 
energy spectra have been recorded for 8 distinct angles of the detector angular position taken 
in the range  0* -143* . A continuous monitoring of the energy calibration in the spectra was 
done by placing a 60Co calibration source in the target area providing in the spectra some 
gamma rays not affected by the Doppler shift. At the end of each run a careful analysis of the 
obtained data led to the elimination from further processing of spectra where the shifts in the 
60Co gamma rays were larger than the imprecision in the determinations of the centroids for 
the peaks of interest. For lifetime determination we followed 3 distinct steps as follows: 

a) we have determined the variation of the  centroid positions for the peaks of interest 
with the detector angle; this variation is linear in cos( +
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formalisms of Blaugrund [12] for nuclear stopping powers and Lindhard, Scharff and Schiott 
[13] for the electronic stopping power ; 

c) by comparing the two attenuation factors Fexp @
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The main source of errors in this method are due to the fact that the recoili ng ions in 

the (p,n) reactions have low energies and the stopping powers of the Eu ions in Sm target for 
these low energies are poorly known. Therefore, as mentioned before, one relies on 
theoretical models (e.g. those from Refs. [13] and [14]). 
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3. RESULTS 

 
In this work we present the most relevant experimental results for the  structure of the 147Eu 
obtained until now from the (p,n�
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The extension of the level scheme below 2 MeV excitation with 14 new levels. The 

extended level scheme with the associated decay gamma rays is presented in Fig. 3 up to the 
1530.10 keV excitation energy and in Fig. 4 up to the 1983.3 MeV excitation. For the decay 
of the levels known before (Ref. [11]), our data show a good agreement. Table I presents the 
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-ray decay transitions. Since the spin of the ground 

state of the target nucleus, 147Sm, is 7/2, the present experiment very likely allowed a quasi-
complete observation of the states with spin up to about 15/2.  

The  determination of lifetimes for 6 excited states in 147Eu. It is worth mentioning that 
up to these experiments there was no lifetime measured in 147Eu. Fig. 5 presents the centroid 
energy versus angle variation for gammas deexciting the 6 levels for which some energy shift 
has been observed. The linear fits to the data provided the F�
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lifetimes (or lower limits of the lifetimes) resulted by comparison with the calculated shifts. 
The error bars of the experimental points originate from: (a) the statistical uncertainty in the 
centriod position determination; (b) uncertainties in the polynomial coefficients of the 
calibration in energy; and (c)  uncertainty in the determination of the position of the reference 
line (not shifted) close to the gamma peak of interest. Moreover, the errors adopted in the 
values of the lifetimes  depend also on the uncertainties of the theoretical simulation of the 
slowing-down process of the recoiling ions. 

 Similar values of the li fetimes have been obtained for both measured incident 
energies, 5.8 MeV and 6.5 MeV. This fact shows that the feedings of the measured levels 
from higher excited states are negligible in our case as well as that, although the energies 
used in our experiments are not very close to the threshold for the excitation of the measured 
levels, the approximation of the average velocity for the recoils with the center of mass 
velocity is quite reasonable. The comparison of the values for the reduced transition 
probabili ties B(E2) and B(M1) obtained from the lifetimes measured in this experiment with 
the values predicted by theoretical models as it is IBFM-1 or particle-vibration model is 
underway and will allow a better understanding of the nuclear structure of 147Eu. 

 
 

4. CONCLUSIONS 
 

In conclusion, low-energy level structure of the odd-A nucleus 147Eu has been 
explored in detail via the non-selective reaction 147Sm(p,n�

� 147Eu. A complete level scheme 
has been build up to 2 MeV excitation energy, by adding 14 new levels to the ones previously 
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measurements. 
Several l ifetimes of excited states have been measured for the first time in the 147Eu 

nucleus, with the centroid variant of the Doppler shift attenuation method. 
The results presented in this paper are quite challenging for understanding the nuclear 

structure in the odd-A nucleus 147Eu in the frame of algebraic and geometrical nuclear 
models. Further experiments for determining the quantum numbers of all the measured levels 
are, nevertheless, necessary. 
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Table I  

New levels assigned to 147Eu (Figs. 3 and 4) and their deexciting gamma rays. The uncertainities �
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! " -ray 
energies are below 0.3keV 

 
Elevel(keV) #

$ $ % &

'

(

'

) * + -rays:E,  [keV] 
879.9 650.5, 879.9 
1517.3 521.6, 637.6, 655.7 
1601.5 532.0, 773.5, 823.2, 846.5, 1372.0 
1604.9 571.0, 593.2 
1607.1 829.2, 830.6, 1377.4 
1652.7 231.5, 618.7, 640.9 
1661.0 799.4, 883.0, 905.9, 1431.7 
1761.3 983.3, 984.8 
1783.2 1004.9, 1007.1 
1794.6 448.2, 550.2 
1824.3 944.8, 1045.9 
1936.2 866.8, 1158.2 
1948.6 1172.2, 1718.0 
1983.3 1228.2 

 
 
 
 

 
Figure 1: Gamma ray spectrum gated by the 804.5 keV transition of 147Eu. The gate has been set in the 
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Figure 2 : Example of gate set on the TSC (two-step cascade) coincidence matrix. The gate was set on the sum-
energy axis, on the peak with the energy 1661.0 keV. It clearly shows four pairs of gammas by which the level 

reaches the ground state. 
 
 

 
 

Figure 3 : The level scheme of 147Eu, as determined from the present experiments, up to the 1530 keV excitation 
energy. Newly assigned levels are labeled with "N". 
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Figure 4 : Same as Fig. 3, but with the levels between 1530 keV and 1983 keV excitation. 

 
Figure 5 : Plots of attenuated Doppler shifts for selected � -rays from the 147�
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� 147Eu reaction at 5.8 MeV 
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values (using the LSS stopping powers) is indicated in the lower part. The gamma transitions shown correspond 
to the decay of the following levels (cf. Figs. 3,4): 1069.1 keV: the 1069.4 keV level; 1130.7 keV: the 1360.2 
level; 1235.8 keV: the 1235.7 keV level; 1399.4 keV: the 1399.2 keV level; 861.6 keV: the  861.5 keV level; 

893.3 keV: 1122.8 keV level. Note: the transition energies appearing in these graphs are those determined 
relative to the nearest internal calibration peak; only correct relative energies are needed in this type of 

measurements. 
 


