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Lifetimes of short-lived excited states in a wide range of neutron-rich
fission fragments were measured using the recoil distance Doppler shift
(RDDS) technique, which was applied to fusion-fission reactions in inverse
kinematics for the first time. The fission fragments were identified event-
by-event in mass, charge, and atomic number using the VAMOS magnetic
spectrometer at GANIL. Gamma rays originating from the fission fragments
were measured with the EXOGAM array of Ge Clover detectors around
the target position. Using a degrader, the change in the Doppler shift
of the γ ray allows the application of the RDDS method. Details of the
experimental technique will be discussed and the status for the ongoing
analysis for odd-mass yttrium isotopes will be presented.
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1. Introduction

In order to further our understanding of nuclear structure, it is essen-
tial to acquire experimental observables that can be compared to theoretical
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predictions. Good testing grounds for this are areas where nuclei undergo
sudden, non-linear changes. One area of the nuclear chart where dramatic
changes can be observed is the region of Z ∼ 40 and N ∼ 60 nuclei. Here,
a sudden onset of deformation occurs from neutron number 58 to 60. This
is evidenced by a steep drop of the energy of the first 2+ states and a corre-
sponding increase of the B(E2) values in even–even Sr and Zr nuclei. Fur-
thermore, a sudden increase of the difference in the mean-square charge radii
is observed for the isotopic chains of Rb, Sr, Y, Zr, and Nb isotopes [1, 2].
Nuclei in this transitional region, where spherical and deformed configura-
tions cross in energy, exhibit shape coexistence. Experimental evidence for
shape coexistence comes from the observation of low-lying excited 0+ states
with strong E0 transitions [3, 4]. The nuclei with Z ≥ 42 show a more grad-
ual transition from near spherical to deformed shapes, and it is expected
that triaxiality becomes increasingly important.

Electromagnetic transition rates are important observables for a quanti-
tative understanding of nuclear shapes and can be used to benchmark nuclear
structure theories. There are two complementary methods to determine elec-
tromagnetic matrix elements for short-lived excited states: Coulomb excita-
tion and lifetime measurements. Coulomb excitation of 96,98Sr has yielded
spectroscopic quadrupole moments and reduced transition probabilities for
various low-lying states. The results have given direct evidence for the cross-
ing of the near-spherical and well-deformed configuration between 96Sr and
98Sr [5]. A similar Coulomb excitation experiment for the 97,99Rb isotopes
indicates that the sudden shape transition is also present in the Rb chain
and that the deformation for Rb nuclei above N = 60 is similar to the other
strongly deformed nuclei in the region [6]. The objective of the present ex-
periment was to provide electromagnetic transition rates from lifetime mea-
surements for a wide range of nuclei in this particular region of the nuclear
landscape where shape transitions and shape coexistence occur.

The mass region has been extensively studied using, for example, β-de-
layed spectroscopy with on-line mass separators. With fast electronic tim-
ing techniques, it is possible to measure lifetimes greater than a few tens
of picoseconds [7]. Studies using spontaneous fission sources and high-fold
γ-ray coincidences have provided extensive level schemes [8] where, consis-
tent with strongly deformed nuclei, regular rotational bands are seen for the
N = 60 nuclei. In some cases, it was possible to measure lifetimes of excited
states using Doppler-shift techniques with fission sources [9]. However, in
such experiments, it is not possible to identify the fission fragments directly.
Instead, coincidences with known γ rays from the isotope of interest are
used for identification. Our approach to use fusion-fission reactions in in-
verse kinematics has the advantage that the fission fragments are produced
with high velocity, facilitating an event-by-event identification in a magnetic



Lifetime Measurments of Excited States in Neutron-rich Fission Fragments 905

spectrometer and, at the same time, inducing large Doppler shifts that can
be utilized to measure short lifetimes down to the picosecond range using
the RDDS method.

Here, we discuss experimental details of this new variant of the RDDS
technique and, as an example of the results obtained in this measurement,
we discuss preliminary results from the ongoing analysis to extract lifetimes
of excited states in the ground-state band of 99

39Y60. Similar to neighboring
Y and Nb isotopes with N ≥ 60, the coupling of the odd proton with the
deformed even–even core results in a strongly coupled (deformation aligned)
rotational band built on the ground state [10]. Combining the measure-
ment of the lifetime of excited states with the M1/E2 branching ratio of
their decay, it is possible to extract absolute M1 and E2 reduced transi-
tion probabilities. The analysis of the B(M1) and B(E2) values with the
particle-rotor model provides information on the g-factor of the odd proton
and the quadrupole moment of the deformed 98Sr core.

2. Experimental details

The experiment was performed at GANIL using the EXOGAM HPGe
detector array coupled to the magnetic spectrometer VAMOS [11, 12]. A
238U beam of 6.2A MeV impinged on a 9Be target of 2.3 mg/cm2 thickness.
The reaction leaves the compound nucleus 247Cm at a relatively high ex-
citation energy of approximately 45 MeV, causing the system to fission on
a time scale that is short compared to the electromagnetic decay process
of the fission fragments. Since shell effects are largely washed out at this
excitation energy, the fragment distribution is more symmetric compared
to neutron-induced or spontaneous fission. Due to the inverse kinematics,
the fission fragments are strongly forward focused, which facilitates their
identification in mass, charge, and atomic number in the large-acceptance
spectrometer VAMOS.

The spectrometer consists of two quadrupole and one dipole magnet and
was rotated to an angle of 20◦ with respect to the beam axis. Two multi-
wire PPAC detectors at the entrance of the first quadrupole and in the focal
plane provide a time-of-flight measurement, and two drift chambers provide
the position and angle of the fragments in the focal plane, allowing the
reconstruction of the trajectories. The energy loss and total energy of the
fragments are measured with a segmented ionization chamber and a wall of
40 Si detectors, respectively. The VAMOS spectrometer with its focal plane
detectors makes it possible to identify the fission fragments on an event-by-
event basis. Evaluating the energy loss ∆E of the fragments in the ionization
chamber as a function of their total energy E provides identification of the
atomic number Z, as shown in Fig. 1.
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Fig. 1. Left: Plot of the energy loss ∆E in the ionization chamber versus the
total energy E deposited in the ionization chamber and the Si detectors. Each
horizontal locus corresponds to a given atomic number Z. The maximum of the
distribution is found around Mo (Z = 42). Right: Plot of mass separation from the
relationship between mass M versus mass-over-charge (M/q). The diagonal bands
of loci correspond to a given charge state q.

The magnetic rigidity Bρ and the angle at the target position are ob-
tained event-by-event from the reconstruction of the trajectories [11, 12].
Together with the measured velocity and the total energy of the fragments,
this allows determining both the mass-over-charge (M/q) and the mass M
independently. Mass separation is obtained by plotting M versus M/q, as
seen in Fig. 1. To uniquely select a specific isotope, the atomic number Z and
the massM are selected by placing two-dimensional gates in the ∆E–E and
M–M/q plots, respectively, and by summing events for the various charge
states q. As an example, the mass distribution for the chain of Y isotopes
is shown in Fig. 2.

92 93 94 95 96 97 98 99 100 101 102 103

Y

Fig. 2. Mass distribution for the chain of Y isotopes, summed over all charge states.

The EXOGAM array of segmented Ge clover detectors was used to mea-
sure γ rays close to the target position. Out of the 11 clover detectors, three
were placed at an angle of 135◦ with respect to the spectrometer axis, where
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they were sensitive to Doppler shifts, while the remaining detectors were
placed at 90◦ angles. The Recoil Distance Doppler Shift (RDDS) method
[13] was used to extract the lifetimes. The fission fragments exiting from the
target were decelerated after a variable distance in a 4.9 mg/cm2 thick Mg
degrader foil. Typical velocities before and after the degrader are 0.12 c and
0.10 c, where c is the speed of light. Those γ rays that were emitted from
the fission fragment before reaching the degrader foil have a larger Doppler
shift compared to those emitted after the degrader, where the velocity is
lower. The velocity vector measured in VAMOS after the degrader was used
to Doppler correct the energy of the γ rays, so the γ rays emitted after
the degrader appear at the correct transition energy, whereas those emit-
ted before the degrader are shifted to lower energies when observed under
backward angles. The lifetime of a state can be extracted from the intensity
variation of the two components as a function of distance. Data were taken
for seven target–degrader distances ranging from 25 to 1580 µm, with an
average measuring time of approximately 24 hours per distance. During the
measurements, the distance was kept constant by a feed-back mechanism
based on measuring the capacitance between the two foils. In the RDDS
analysis of γ-ray singles spectra, the feeding time for the state of interest
has to be taken into account. The lifetime of a state i that decays with a
branching ratio bij to a state j and is fed with the relative intensity αhi from
a state h is found to be as [13]

τi(x) =

(
v
dQij(x)

dx

)−1
(
Qij(x) − bij

∑
h

αhiQhi(x)

)
, (1)

where Qij is the relative intensity of the component of the decay transition
emitted after the degrader with respect to the total intensity of the transition
at the distance x, Qhi the corresponding quantity for the transitions from all
feeding states h. The denominator contains the velocity v of the fission frag-
ments between the target and the degrader and the derivative of the decay
curve Qij with respect to the distance, which is found by fitting piecewise
differentiable polynomials to the data. The velocity, v, is determined from
the measured velocity after the degrader in VAMOS by considering the en-
ergy loss in the degrader foil and by evaluating the energy shift between the
two components. To reduce the amount of scattered Mg ions reaching the
focal plane of VAMOS, an additional thin 100 µg/cm2 Au foil was placed at
the entrance of the spectrometer, which shifted the charge-state distribution
and resulted in a better separation in magnetic rigidity Bρ between the Mg
ions and the fission fragments.
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3. Lifetime analysis for yttrium isotopes

The data obtained during the experiment allowed analyzing lifetimes of
excited states in a wide range of fission fragments. For even–even isotopes, it
was possible to measure previously unknown lifetimes, in particular, for 4+

and 6+ states in the ground-state bands for several neutron-rich Sr, Zr, Mo,
Ru, and Pd isotopes [14]. Here, we will concentrate on the example of 99Y,
for which the low-lying structure is dominated by a strongly-coupled band
of the odd proton in the [422]5/2+ Nilsson orbital coupled to the strongly
deformed 98Sr core [15]. The total γ spectrum and partial level scheme for
the lowest states in the ground-state band for 99Y is presented in Fig. 3.
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Fig. 3. Left: Plot of the total γ-ray spectrum for 99Y. The spectrum shows the total
amount of data, summed over all seven distances, and taken with the Ge detectors
placed at 90◦, which causes the peaks to be Doppler broadened instead of showing
two components with different Doppler shifts. Right: The figure shows the 5/2+

[422] ground state band of 99Y.

The strongest peaks in the spectrum correspond to the ∆I = 1 transi-
tions, which, in general, have a mixed M1/E2 multipolarity. Weaker ∆I = 2
E2 transitions are also visible in the spectrum. The γ-ray spectra for ∆I = 1
transitions from the 9/2+, 11/2+, 13/2+, and 15/2+ states in 99Y for the
seven different distances observed at backward angles are shown in Fig. 4.
The intensity shift as a function of distance is clearly seen, and lifetimes can
be extracted from the analysis of the decay curves using the expression in
Eq. (1).



Lifetime Measurments of Excited States in Neutron-rich Fission Fragments 909

150 160
0

50

100

50

100

50

100

50

100

co
u

n
ts

 /
 0

.5
 k

eV

50

100

150

20

40

50

100

9/2
+

→  7/2
+

190 200

energy  (keV)

0

50

100

20

40

60

80

20

40

60

20

40

60

80

50

100

20

40

20

40

60

11/2
+
→ 9/2

+

220 230
0

20

40

60

20

40

60

20

40

60

20

40

20

40

60

10

20

20

40

13/2
+ 

→ 11/2
+

260 270
0

20

40

20

40

20

40

10

20

30

20

40

10

20

20

40

15/2
+ 

→ 13/2
+

25 µm

50 µm

100 µm

200 µm

400 µm

800 µm

1580 µm

Fig. 4. This figure shows the strongest γ transitions in 99Y for the different target–
degrader distances. The dashed lines indicate the energies of the two components.

4. Outlook and conclusions

The data for several neutron-rich odd–even isotopes are still under anal-
ysis. Preliminary results for 99Y indicate that the lifetimes of the states in
the [422]5/2+ ground-state band are in good agreement with expectations
from the particle-rotor model. The branching ratios for the ∆I = 1 and
∆I = 2 transitions yield the relative B(M1)/B(E2) strength. The branch-
ing ratio together with the lifetime of a given state yield the absolute B(M1)
and B(E2) strengths, which can be compared to theoretical calculations. In
the particle-rotor model, the B(M1) and B(E2) values are proportional to
the g-factors (gK−gR)2 and to the intrinsic quadrupole moment Q0, respec-
tively. The preliminary results for 99Y indicate that both the quadrupole
moments and the g-factors are constant within the ground-state band, which
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suggests that the particle-rotor model is an appropriate description. Fur-
thermore, the values are consistent with the measurement of the magnetic
moment µ and the spectroscopic quadrupole moment Qs for the 5/2+ ground
state from an experiment using laser spectroscopy [16]. The results support
the assigned proton configuration for the ground state and provide a mea-
surement of the deformation of the 98Sr core. The lifetime measurement for
99Y is, therefore, complementary to a recent Coulomb excitation experiment
which investigated the shape and shape coexistence of the low-lying states
in 98Sr using a radioactive beam from the ISOLDE facility at CERN [5].

The recoil-distance Doppler shift technique was successfully applied for
the first time in combination with fusion-fission reactions in inverse kine-
matics. A large number of previously unknown lifetimes can be determined
under identical experimental conditions from the same experiment. The
method is particularly powerful as it allows event-by-event identification of
the fission fragments. The data is still under analysis, in particular, for the
more complex odd-mass isotopes of Y, Nb, Tc, and Rh, and more specific
results will be published in forthcoming publications. Preliminary results
for the odd-mass Y isotopes with N > 60 suggest that the ground-state
bands can be well-described with the particle-rotor model with a constant
quadrupole moment.
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