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Abstract. Isomeric states have been observed in fission-fragments produced by spontaneous fission of
252Cf. These states are found in neutron rich nuclei of different structure and deformations. About 50
isomeric nuclei have been observed using coincidences between γ-rays identified in EUROGAM II and
fission fragments detected in photovoltaic cells (SAPhIR). Lifetimes in the range from 20 ns to 2µs have
been measured. Presented calculations based on HFB +D1S force on new measured isomeric states in the
152,154,156Nd show evidence for K-isomers.

PACS. 25.85.-w Fission reactions – 21.10.-k Properties of nuclei; nuclear energy levels – 21.60.-n Nuclear-
structure models and methods – 23.20.-g Electromagnetic transitions – 84.60.-h Direct energy conversion
and storage

1 Introduction

Extensive spectroscopic studies have been performed on
spontaneous fission fragments of 252Cf (see for example
[1,2]). A renewal of interest for fission fragment spec-
troscopy occurred with the advent of large Ge detector
arrays such as EUROGAM or GAMMASPHERE. Fis-
sion has been known since a long time to provide large
numbers of rich neutron nuclei which are, for the most
part, accessible in no other manner and which are released
with various excitation energies, spins and deformations.
They de-excite by neutron emission (within 10−14s after
fission) and γ-transitions; these transitions end with the
fragments reaching their ground states within about 1-2
microseconds after fission. These neutron-rich fragments
then undergo β decay: the β decay process begins to have
significant yield a few milliseconds after fission. The fission
fragments are mainly found in three regions of the peri-
odic table: the A=90-110, Z=38-46 region for which there
is evidence of large deformations; the nuclei around the
double magic 132Sn nucleus where single configurations
coupled to the closed shells predominate; the region with
A=140-160, Z=52-64 where there is a smooth transition
from spherical to deformed nuclei.

Detailed experiments have been recently performed on
the γ decay paths in excited fission fragments and thus
have enhanced the possibilities to gain new insights in nu-

clear structure (see for example [3, 4, 5]). However, in these
new experiments, only prompt or short lived γ-rays have
been measured. On the other hand, a large body of in-
formations has been acquired for nuclei long-lived enough
to be studied with on-line mass separator or radiochem-
ical techniques (see for example [6]); in both methods,
one is concerned with the so called fission products result-
ing from β-decay of the primary fission fragments. The
work presented in this paper deals with isomeric transi-
tions occurring in the primary fission fragments within 1
microsecond after fission. A systematic study of delayed γ
transitions occurring in the time range from a few ns up to
1 microsecond after the detection of the two complemen-
tary fission fragments has been undertaken. New isomeric
states have been discovered. In Sect. 2, the experimental
set-up and methods are described. The experimental and
theoretical results are shown in Sect. 3 and 4 with a more
precise study of isomers found in the Nd region, and the
Sect. 5 deals with the perspectives offered by the results.

2 The experiment

1. Experimental set-up
The 252Cf source was deposited on a thin nickel back-
ing, (110 µg per cm2) and had an activity of about 1500
fissions/s. The aim of the performed experiment was to
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Fig. 1. a Pulse height
spectrum of 252Cf spon-
taneous fission measured
with photovoltaic cells. b
dashed line: Total post
neutron evaporation mass
distribution of 252Cf fis-
sion fragments, continuous
line: mass distribution ob-
tained with a gate on the
1279 keV level of 134Te

detect fission fragments produced in coincidence with the
delayed γ rays emitted by the fragments. The two frag-
ments were detected by two photovoltaic cells placed at 5
mm on both sides of the source to preserve the whole ef-
ficiency of EUROGAM II. The cells, we have used in this
work, are commercially solar cells made of polycristalline
silicon with an active area of 3 cm2 and 500 microns thick.
They are a good tool to detect fission fragments and their
response is quite similar to more expensive surface bar-
rier detectors [7]: their low cost as well as their low mass
and simplicity of operation (no bias voltage required) are
normally well suited for a combination with gamma-ray
spectroscopy. The simple device we have used is part of
the SAPhIR detector consisting of 48 solar cells devoted to
the detection of fission fragments [8]. For further readings
about photovoltaic cells, see also [9,10].

The γ rays emitted by the fragments were detected
by the EUROGAM II array [11, 12, 13] at CRN Stras-
bourg (France), composed of 54 Compton-suppressed ger-
manium detectors: 30 coaxial detectors at forward and
backward angles and 24 clover [13] detectors around 90
degrees relative to the beam axis. The electronics used for
the cells was VXI germanium card of EUROGAM, except
that we have used external energy amplifiers more suitable
than the ones designed for the germanium channels. The
energy outputs were routed to the VXI ADC’s. Events
were recorded with the condition that the 2 cells fired in
coincidence (start). Prompt and delayed γ-rays following
fission (from 0 to 1µs) were detected using the germanium
detectors of EUROGAM II. Fragments striking the front
face of the solar cells are stopped rapidly( 10−12 s) giv-
ing rise to sharp delayed γ lines (no Doppler correction
needed), the intensity of which is scanned up to 1µs after
fission.

2. Data analysis
During the 10 days experiment we obtained for the delayed
events 6*107 Fr-Fr-γ and 5*105 Fr-Fr-γ-γ-γ coincidences.
The pulse height spectrum measured with the 2 cells is
shown in Fig. 1a.

The masses of the fragment have been extracted from
their energies. From each event, the energy to mass con-
version was performed by an iterative process which takes
into account both the mass dependent energy calibration
of Schmitt et al. [14] and the neutron emission by the frag-
ments: The average neutron multiplicities per fragment
mass ν(m) have been taken from the recent measured val-
ues of Düring et al. [16]. The use of the ν(m) measure-
ments of Signarbieux and Budtz-Jorgensen respectively,
give some differences in the relevant post-neutron mass
distribution without affecting its general trend [17,18].
The global post-neutron mass distribution deduced from
this analysis (see Fig. 1b.) exhibits the 2 well known
humps centered around A=106 and A=142 (masses af-
ter neutron evaporation). We then obtain for each event
the 2 fission fragment masses and kinetic energies, the γ-
rays energies and their emission time after fission. Events
were sorted by EURO13 software [19] and analysed with
the Radware package [20]. At the end, one obtains the
energy, half life and intensity of each γ-ray as well as an
estimation of the mass of the fission fragments.

The time spectrum between fragments and prompt γ-
rays has a resolution of about 20 ns. Using this time spec-
trum, one can easily separate the prompt and the delayed
γ-rays and measure the half live of the identified isomeric
levels (Fig. 2). In 252Cf, 7% of the fission fragments γ-
rays were found to be isomeric in the range of half-lives
less than 3µs.
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Fig. 2. Example of decay of the intensity of γ-ray as a function
of time allowing to determine the half life of the considered
isomer, here 152Nd

3 Results on isomeric γ-rays

The fission fragment γ-ray trigger has been found to be
much clearer than the γ-γ trigger alone as the Fragment-
Fragment coincidences could not be triggered on back-
ground radiation as easily as the γ-γ trigger. More than
300 delayed γ-rays have been identified.

Isomeric levels belonging to about 60 neutron rich nu-
clei have been identified, where only one part was already
known. On Fig. 3 the different nuclei where we found iso-
meric states are presented. Very neutron rich nuclei are
populated (richer than in induced fission as, in this case,
the excitation energy is higher and allows neutron evap-
oration) corresponding to 13 odd-odd, 18 even-even, 15
even-odd and 13 odd-even nuclei.

In order to show the selectivity obtained in this kind of
experiment, we show on Fig. 4a the γ spectrum obtained
in coincidence with the fission fragments. In Fig. 4b only
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Fig. 3. In this Z-N chart of nuclei β stable nuclei are colored
in grey. In black are shown nuclei where isomeric states have
been identified in the spontaneous fission of 252Cf. (this work)

the delayed events are taken into account and on Fig. 4c
a gate on the 1436 keV γ-ray is required. The 1436 keV
γ-ray belongs to the 138Ba as well as to the 152Nd nuclei.
Gating on it, we obtain the 4+ → 2+ 463 keV and the
6+ → 4+ 192 keV γ-rays of 138Ba nucleus as well as the
2+ → 0+ 72 keV, the 4+ → 2+ 164 keV, the 6+ → 4+

247 keV and the 8+ → 6+ 322keV γ-rays of 152Nd. It has
to be noted that this last spectrum was obtained without
any background substraction.

It should be emphasized that, due to the choice of the
trigger (coincidences between the 2 fission fragments), the
γ rays from both fragments are observed in coincidences
with those fission fragments, thus it is difficult to attribute
unknown γ-rays to light or heavy partner. When gating
on one particular γ-ray, one obtains a mass distribution
with 2 humps (for example, gating on the 1279 keV γ-
ray of 134Te, the mass distribution is peaked at A = 115
and 134 with a mass resolution (FWHM) of about 10%
for each hump (Fig. 1b)). Gamma-gamma coincidences
have been used to build-up the level scheme for several
nuclei but a few delayed gamma transitions have not yet
been attributed. In the following, we present our study of
isomeric states in rare earth isotopes. A review of isomeric
states in other mass regions will be published [21].

3.1 Study of neodymium isomers

3.1.1 152Nd

The low lying levels in 152Nd are known from studies of
prompt γ-rays in spontaneous fission of 252Cf [1, 15, 22]
and from the β-decay of 152Pr [23,24]. This nucleus is the
first neodymium isotope showing a clear level sequence of
axially deformed nuclei, the evolution of E(4+

1 )/E(2+
1 ) en-

ergy ratios of 2.49 for 148Nd, 293 for 150Nd and 3.27 for
152Nd indicating furthermore a transitional region from
spherical to deformed nuclei. Before this work, the only
measured delayed levels were the lower part of the ro-
tational band starting from 6+ → 4+ as well as the 4−
state at 1682 keV excitation energy depopulating via a
1446 keV towards the 4+ state [24]. This decay transition
was interpreted to be a member of a K=2 octupole band
(1683.5 keV in [23]. A lot of delayed transitions, all with
the same half life (80 ± 15ns), have been identified and are
shown on Fig. 5. All these transitions depopulate the level
at 2241 keV. The 1416 keV and 1738 keV γ-rays coming
from a level at 2221 keV are also probably issued from
the level at 2241 keV but the 20 keV connecting these 2
levels are below our detection threshold. This 2241 keV
isomer is directly connected to the rotational band with
two transitions of 1436 keV (I→ 8+) and 1758 keV (I→
6+). The building of the level scheme was complexified by
the presence of the 204 keV γ-ray which belongs to 152Nd
as well as to one of the companion 91Sr. The use of γ-γ
coincidences allowed to disentangle this ambiguity.

3.1.2 154,156Nd

The yrast rotational bands in 154Nd and 156Nd are char-
acteristic of well deformed collective quadrupole defor-
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Fig. 4. Example of γ delayed and γ-gated selectivity. a Total projection of the γ spectrum; b same as a but with only the
delayed events; c gate on the 1436 keV γ-ray. We clearly see in coincidence with the 1436 keV the different γ-rays caracteristic
of 138Ba and 152Nd nuclei

Nd
152

Fig. 5. Partial level scheme of 152Nd (prompt transitions are
marked with dashed lines)

mations with an E4/E2 =3.26 and 3.31 (quite a perfect
rotor), the energies of levels in the yrast bands having
the same spin decrease smoothly with increasing neutron

number. This indicate increasing deformations up to high
spin states. For 156Nd an isomer populating the 6+ and the
4+ of the rotational band is found with a half-life of 135ns
(see Fig. 6), the two delayed transitions having equivalent
intensities. For 154Nd we see delayed transitions populat-
ing the 6+ (half life greater than 1µs) and the 4+ state but
the transition populating the 4+ level has a very low in-
tensity (the intensity of the delayed transition populating
the 6+ level is seven times more intense than the delayed
transition populating the 4+ level).

We can compare these results with those obtained for
the isotones 156Sm and 158Sm respectively. The level at
1398 kev in 156Sm with lifetime of 185 ns was observed in
earlier work [24]; spin and parity for this level are identi-
fied as 5−, which was interpreted in terms of (ν 5/2 [642]⊗

ν 5/2 [523]) 5− neutron states (see Fig. 6). We confirm
the two transitions 5− → 6+ and 5− → 4+. Another level
at 113 keV, which feeds the level at 1398 keV and has a
4.5 ns half life, which was not seen in this work due to the
too short lifetime. These levels probably belong to a col-
lective band with a spin/partiy assignment of 5− for the
band head. We found the same kind of scheme for 158Sm
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Fig. 6. Partial level schemes of 156,158Sm and 154,156Nd
(prompt transitions are marked with dashed lines)

as Zhu et al. [22] where they assigned a spin and a parity
of 5− for the level at 1279 keV; for this isomeric level the
half life has been measured to be 115ns. From theoretical
calculations this band head has probably the 2QP con-
figuration similar to the band in 156Sm. Evidences found
for isomeric transitions feeding the low energy rotational
states in deformed even-even rare earth Nd isotopes are
similar to those obtained in 156Sm and 158Sm. The similar
behaviour of the isomers in 156Nd compared to 156Sm and
158Sm suggests that the isomeric state in 156Nd can be
interpreted as being low lying QP states whose decay into
the ground state band is K forbidden. The relative inten-
sities of the isomeric γ-rays are quite similar. The ratio of
intensities of isomeric γ-rays populating the 6+ and the
4+ of the rotational bands of 156Nd, 156Sm and 158Sm are
respectively of 0.99, 0.87 and 0.58.

4 Theoretical considerations

The interpretation of these experimental data is presented
in the framework of the Hartree-Fock-Bogoliubov (HFB)
theory, in which the finite range and density dependent
force D1S of Gogny is used thoroughly. The isomeric states
are treated as two proton or neutron quasiparticle (2QP)
excitations built on the ground state (GS). Prior to this
study, it is necessary to determine the structure of the GS

Fig. 7. PES V(β,γ) for 152,154,156Nd isotopes

level. For this purpose, we have performed constrained
HFB calculations intended to obtain potential energy sur-
faces (PESs) of each nucleus [26]. These surfaces are built
from the minimization:

δ < Φq|Ĥ − λ0Q̂20 − λ2Q̂22|Φq >= 0. (1)

where Φq is the quasiparticle (QP) vacuum, Ĥ the many-
body nuclear Hamiltonian, Q̂20 and Q̂22 external field op-
erators which generate axial and triaxial quadrupole defor-
mations, respectively. In the actual calculations, the pro-
ton and neutron numbers are also constrained so that

< Φq|Ẑ(orN̂)|Φq >= Z(orN).

Once the constrained HFB equations are solved for
< Q̂20 >= q20 and < Q̂22 >= q22, the potential energy
surfaces are defined as

V (q) =< Φq|Ĥ|Φq >,

where the notation q = (q20, q22) is used. Since q20 and
q22 are directly related to the Bohr coordinates β and γ,
the potential energy surface (1) may also be expressed as
V(β,γ).

The PES V(β,γ) are shown in Fig. 7 for 152,154,156Nd
isotopes. As can be seen, these surfaces display deep min-
ima at large prolate deformation (i.e. βmin ' 0.35). Going
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2QP states in the 152,154,156Nd
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a step further, we have also performed configuration mix-
ing calculations in the GCM+GOA framework [27]. The
excitation energies of the GS rotational bands predicted
with this method are in good agreement with experimental
data (see Fig. 8). Furthermore, we have found that the GS
mean dynamic deformation

√
< β2 > is nearly identical to

βmin. With this latter result, we feel it justified to take as
qp vacuum the HFB wave function which minimizes the
potential energy. This implies that in first approximation,
we can neglect the particle vibration coupling.

The 2QP states are defined:

|Φ̃bb′ >= η+
b η

+
b′ |Φ >

where |Φ > is a HFB vacuum (see (1)), and b and b’ are
labels for the quantum numbers of the blocked quasipar-
ticles.

Since axial symmetry is imposed, b represents the fol-
lowing set of quantum numbers : the projection Ω of the
angular momentum on the z axis, the parity π, and the
signature α. To obtain the first 2QP states, it is natural
to choose the blocked states among states near the Fermi
level of the HFB vacuum state of each nucleus. Blocking
qp states spontaneously breaks time reversal symmetry.
Therefore, the degeneracy in energy between 2QP states
with signatures α = ±1 is raised.

We have performed such calculations for the first neu-
tron and proton 2QP states in the 152,154,156Nd and
156,158Sm nuclei. In Fig. 8 are shown the excitation en-
ergies of the predicted 2QP states.

For each nucleus, the first 2QP signature partner states
are neutron excitations. The proton 2QP states are close
to the neutron 2QP states in the Samarium isotopes. In
contrast, the proton 2QP states are lying at higher ex-
citation energies in the Neodymium isotopes. From the
comparison between these predictions and the experimen-
tal levels, we can make the following statements:

i) For 158Sm, the spin and parity Iπ = 5− assigned
to the experimental level are consistent with the lowest
predicted proton or neutron 2QP states (π 5/2[532]

⊗
π

5/2[413]) or (ν 5/2[642]
⊗

ν 5/2[523]).
ii) For 156Sm, the experimental 5− level is interpreted

as the lowest proton 2QP state (π 5/2[532]
⊗

π 5/2[413]).
iii) For 156Nd, the experimental level for which no spin

and parity are given might be the predicted 5− neutron
2QP state (ν 5/2[642]

⊗
ν 5/2[523]).

iv) For 154Nd, the spin and parity Iπ = 4− or 1− (ν
5/2[642]

⊗
ν 3/2[521]) of the first neutron 2QP states

are tentatively assigned to the experimental isomeric level.
This attribution raises problems because this level decays
to the 6+ level of the GS band but not to the 4+ at least
with a measurable intensity. It seems that the only pos-
sible spin/parity assignment for this isomeric level would
be the 6−. However, the calculated first 6− 2QP states are
very high in energy (' 5 MeV). Such a spin can also be
obtained from 4QP states but they are located at about
the same energy. A very conjectural possibility could be
the collective nature K=6 for this state.

v) For 152Nd, seven experimental levels are located in
the energy range between 1.6MeV and 2.3MeV with un-
specified spins and parities (except for a 4− state). We are
unable to assign unambiguously spin and parity to these
levels, but notice that the observed and predicted level
densities in this energy range are very similar.

5 Conclusion and perspectives

We have measured isomeric states of half lives from 20ns
to 2µs in more than 50 fission fragments of 252Cf spon-
taneous fission. Their intensities imply that about 10%
of the deexcitation proceeds through the isomer. Some
new isomers, identified in the rare earth region, show a
behaviour which, according to HFB calculations, should
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correspond to K isomers. Angular distributions are still
needed to assign spins and parities to the first isomeric
states in rare earth region. At the opposite end of the de-
formed rare earth region a Jπ K=8+ isomer is observed in
three N=106 even Z nuclei going from W to Pt (half live
of about 1ms) [25]. These isomers feed the 8+ member
of the ground state band by a highly hindered E1 tran-
sition which accounts for 20-30% of the total population
of the ground state band 8+ level for 182Os and 184Pt,
respectively. Such behaviour in the analogous fission frag-
ment deexcitation process should not be completely unex-
pected, and the isomers in 154,156Nd could be interpreted
as being low lying QP states whose decay into the ground
state band is K forbidden. Moreover, spontaneous fission
gives fragments in a particular zone of neutron rich nuclei.
The possibility to obtain the kinetic energy distribution
for each fragment is one of the advantage of having fis-
sion fragment detectors. The γ-rays intensities could be
measured in coincidence with varying kinetic energy and
fission fragment mass regions allowing to study the evolu-
tion of fragment yield as a function of excitation energy:
this could bring new insights on the mechanism of angular
momentum sharing between the fission fragments as well
as on the dynamics of fission.

It will also be possible to cover more extended zones by
using fission induced by reactions between different targets
and heavy ion beams. So, we can say that study of isomers
in fission fragments is a promising way to increase our
knowledge of neutron rich nuclei.
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