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We have used the recoil distance Doppler-shift method to measure life-
times of excited states in 1°®Ru, ''°Ru, and ''?2Ru. Excited states in these
nuclei were populated by fusion-fission reactions between a 233U beam and
a ?Be target in an experiment at GANIL. Fission fragments were identified
event by event in the VAMOS++ spectrometer, while y-rays were detected
by the Advanced Gamma Tracking Array (AGATA). The lifetimes in the
ground state band are consistent with rotational structures and constant
B(E2) values indicate that the deformation does not change significantly
across the chain of studied ruthenium nuclei. Preliminary results for life-
times of states in the v-band indicate a well deformed triaxial shape with
a ~y parameter close to 30° in '°Ru, with a slight change towards oblate
deformation in '?Ru.
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1. Introduction

Nuclei in the neutron-rich region around A ~ 100 exhibit several differ-
ent nuclear shapes which in some cases change drastically as a function of
proton and neutron number. These shape transitions make this an especially
interesting region for testing theoretical predictions. Some nuclear chains,
such as zirconium and strontium, present abrupt shape transitions and co-
existence between near spherical and axially symmetric prolate shapes [1, 2].
The transition from spherical to deformed shapes is much more gradual for
the ruthenium isotopes, and is predicted to pass through well-deformed tri-
axial shapes (see e.g. [3, 4]). The energy of the first 27 state drops gradually
from “*Ru to '°Ru, indicating a smooth shape transition. Coulomb excita-
tion measurements of "9Ru [5] found evidence for triaxial deformation with
v close to 30°. Further evidence for pronounced triaxial shapes and a grad-
ual transition from predominantly prolate to oblate near ''?Ru was provided
by studies of rotational properties, which found the band crossing caused by
the alignment of g9/ protons to be sensitive to the degree of triaxiality [6].

To understand the role of triaxiality in the neutron rich ruthenium iso-
topes, we need a complete set of transition probabilities including both
the ground state band and v band. Lifetimes of the 2? states are known
from [-decay studies [7-9]. Lifetimes at higher angular momentum have
been measured with the Doppler-shift attenuation method [10] and point to
changes in deformation with angular momentum. Experimental B(E2) val-
ues for the low-spin states are sparse, except for the aforementioned Coulomb
excitation study of ''®Ru. The present study aimed at measuring lifetimes
for states in both the ground-state band and the v band in the angular
momentum range I = 4h6h for 108HOH2Ry
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2. Experimental setup and data analysis

An experiment was conducted at the GANIL facility in Caen, France,
with the aim of measuring lifetimes in the A ~ 100 region with the recoil dis-
tance Doppler-shift method (RDDS) [11]. The experimental setup used the
variable mode spectrometer (VAMOS++) [12-14] to identify nuclei of inter-
est on an event-by-event basis, correlating them with ~-ray events detected
in AGATA [15, 16]. A 1.85mgcm™—2 ?Be target and 4.5 mgcem™2 Mg de-
grader were mounted on the Orsay universal plunger system (OUPS) [17]
for micrometre control over the distance between them. A 238U beam was
accelerated onto the target at 6.2 MeV /u, inducing a fusion—fission reaction.
The target chamber and VAMOS-++ were rotated by 19° with respect to
the incoming beam to maximize acceptance of the lighter fission fragments.
The 41 high-purity germanium crystals of AGATA were placed at backwards
angles covering a solid angle of about 17. The experiment was run with ten
target—degrader distances from 43 ym to 2664 ym, for around 18 h per dis-
tance. More detail is given by Pasqualato et al. [18], who report the results
of the experiment for the zirconium chain.

The extraction of lifetimes from RDDS data is a two-step process: first,
the peaks in the v spectra must be fitted to create the decay curves, then the
lifetime must be extracted from the latter. The decay curves are constructed
from the ratio of the intensity of the + rays emitted after the degrader to that
of those emitted before. We hereafter refer to these two components of the
decay as the slow and fast component, respectively. We Doppler correct the
~ spectra to the slow component using the velocity measured in VAMOS-++-.
This correction smooths out the v spectra from the complementary fission
fragments, which then form a large part of the observed background. Fig-
ure 1 shows spectra for ~ rays correlated with the detection of '“Ru in
VAMOS++, at the shortest and longest target—degrader distance. The fast
and slow components are clearly distinguishable in the spin range from 4h
to 8 in both the ground-state band and v band. The spectra sometimes
contain transitions with similar energies where components partially over-
lap, which makes peak fitting challenging. To disentangle such peaks, we
fit all ten spectra simultaneously, fitting a constant centroid and width to
each peak component. This also ensures consistency between the fits which
is crucial for the next step in the process.

Let I;; denote the measured intensity of the decay from state i to state j.
Let R;; = Iisjl-ow (IZ-S}OW + If?“) denote the decay curve of the transition of
interest, and Rp; denote those of transitions feeding into it from various
states h. The lifetime 7; is then given by the relation [11]

Tz‘%Rz‘j(t) = Zh: bijoni Rpi(t) — Rij(t), (1)
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Fig. 1. Plot showing y-spectra for "'°Ru at the shortest (top) and longest (bottom)
target—degrader distance. The spectra are Doppler corrected using the velocity
after the degrader measured in VAMOS++. Since the 7-rays are measured at
backwards angles, y-rays emitted before the degrader are shifted to lower energies.

where b;; is the branching ratio corresponding to R;; and ay; is the fraction
of observed feeding from higher-lying states adjusted for the efficiency of
the detector. Direct population of the state of interest does not affect the
lifetime measurement. In the studied cases, we only observe a single feeding
transition, coming from within the rotational band. We assume any potential
feeding from other states to be prompt.

It is well documented [e.g. 11, 18] that single-y analysis of RDDS data
risks being skewed by unseen feeding transitions. This problem can be elim-
inated by gating on the fast component of a specific feeding transition from
a yy-coincidence measurement, with the added advantage of removing most
contaminations from overlapping transitions. This does, however, require
much higher statistics and generally results in a higher statistical uncer-
tainty. Only the transitions in the ground-state band produce enough events
for v+ analysis, and only in some cases. In ''2Ru, there were not enough
statistics to perform a coincidence analysis. In °®Ru, meanwhile, there
were too many overlapping transitions to get reliable results in singles. In
HORY, we performed both analyses and if the two were in agreement, kept
the measurement with lower uncertainty.
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In both single-y and ~~y-coincidences, we fit the decay curves by using
a basis of smooth and monotonic B-splines [19]. We convert the plunger
distances to flight times using the measured recoil velocities corrected for
the energy loss in the degrader. For singles analysis, we perform a global fit
of the feeding and decay curves to Eq. (1). This means that in addition to
fitting the experimental data points, we also minimize the difference between
the two sides of Eq. (1), treating the lifetime itself directly as a fit parameter.
By doing this, we can propagate errors more accurately through the fitting
process, and we avoid having to define a region of sensitivity which can
affect the results. For the coincidence analysis, we use the proportionality
between the gated decay curve and its derivative to determine the lifetime
in a similar global fit of all distances. Figure 2 shows an example fit of the
lifetime of the GT state, with feeding from the ST state, in 1''Ru.
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Fig. 2. Plot showing B-spline fits of the decay curves corresponding to the 8f — 6f
(Rp;) and 6] — 47 (R;;) transitions in ''°Ru, along with the two sides of Eq. (1).
The data points show the error in the fit of the peaks and in the plunger position.

3. Results and discussion

For E2 transitions, the lifetime gives us the reduced transition probabil-
ities B(E2) through the relation

b _
B(E2:i — j) = —2 [1.225 x 10°E3] . (2)

Ti
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Figure 3 shows the B(E2) values obtained from measured lifetimes in the
ground-state bands of 19M%M2Ry - The RDDS setup lets us measure life-
times of the 4? and GT states; the 2? states are too long lived, but have
been measured previously by other methods [5, 7-9]. For HORy, our results
are consistent with those obtained by Coulomb excitation in [5], and have
slightly improved uncertainties. The good agreement increases our confi-
dence in our analysis and results for other nuclei.
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Fig.3. Plot of the B(E2) values for the ground state bands in '°**%!2Ry. We
compare our values to previously measured values [5, 7-9] and to theoretical cal-
culations [4, 20].

We compare the data with theoretical predictions from a calculation
using a five-dimensional collective Hamiltonian and the Gogny D1S inter-
action [20], and with cranked Hartree-Fock-Bogoliubov calculations based
on the Skyrme UNEDFO interaction [4]. The former predicts a decrease in
B(E2) values with neutron number from a maximum at ®®Ru. Our data
is qualitatively more consistent with the approximately constant values pre-
dicted by the latter. This indicates that the overall deformation does not
change significantly between ®®Ru and '?Ru. However, the experimental
data — especially for the 4™ states — are lower than the prediction of the
CHFB model.

While we here only show results for the ground-state bands, we have also
obtained lifetimes for states in the v band in 1'%!*?Ru. Preliminary lifetime
results for these states, when interpreted through the triaxial rotor model,
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indicate substantial triaxiality in these nuclei: close to v = 30° for '“Ru
and a slight shift towards an oblate shape in "?Ru. This is consistent with
microscopic—macroscopic model calculations [3], which predict stable triaxial
shapes for 1%11°Ryu and a more ~-soft oblate shape for ''?Ru. A similar
shape transition was used to interpret the lower band-crossing frequency
for the proton gg/o alignment in 12Ru [6]. We have also obtained lifetimes
of states in the yrast band in °%1Ru. Lifetimes for states in the odd-
mass nuclei provide not only B(E2) values, but also B(M1) values when
combined with branching ratios, and hence information on the configuration
of the odd neutron. Results for the v bands and for the odd-mass ruthenium
isotopes, and their interpretation, will be presented in an upcoming more
comprehensive paper.

The experiment produced data for a large range of nuclei. Any system-
atic errors are expected to be the same for all of these, making this dataset
particularly well suited for comparisons between nuclei. Results for the zir-
conium chain are published in [18]. Future work will establish B(E2) values
for several other isotopic chains, forming a basis for systematic studies of
collectivity and deformation within the neutron-rich A ~ 100 region.

The authors would like to thank the AGATA and VAMOS++ collabora-
tions. We are grateful for the help from J. Goupil and the GANIL technical
staff for their work in setting up the apparatuses and the good quality beam.
The authors would also like to thank G. Fremont for preparing the target
and degrader foils. J.S.H., V.M., and A.G. acknowledge support from the
Norwegian Research Council projects 325714 and 341985. S.L. acknowledges
support by project No. BG-RRP-2.004-0008-C01. P.A.S. acknowledges the
support of the Institute of Atomic Physics, Magurele, Romania, contract
number ELI-RO/RDI/2024-002 (CIPHERS), and the Romanian Ministry
of Research and Innovation under research contract PN 23 21 01 06.

REFERENCES

[1] E. Clément et al., Phys. Rev. Lett. B 116, 022701 (2016); Erratum ibid. 117,
099902 (2016).

[2] P. Singh et al., Phys. Rev. Lett. 121, 192501 (2018).

[3] P. Moller et al., At. Data Nucl. Data Tables 94, 758 (2008).
[4] C.L. Zhang et al., Phys. Rev. C' 92, 034307 (2015).

[5] D.T. Doherty et al., Phys. Lett. B 766, 334 (2017).

[6] H. Hua et al., Phys. Lett. B 562, 201 (2003).

[7] J. Blachot, Nucl. Data Sheets 91, 135 (2000).


http://dx.doi.org/10.1103/PhysRevLett.116.022701
http://dx.doi.org/10.1103/PhysRevLett.117.099902
http://dx.doi.org/10.1103/PhysRevLett.117.099902
http://dx.doi.org/10.1103/PhysRevLett.121.192501
http://dx.doi.org/10.1016/j.adt.2008.05.002
http://dx.doi.org/10.1103/PhysRevC.92.034307
http://dx.doi.org/10.1016/j.physletb.2017.01.031
http://dx.doi.org/10.1016/S0370-2693(03)00569-0
http://dx.doi.org/10.1006/ndsh.2000.0017

2-A22.8 J.S. HEINES ET AL.

[8] G. Giirdal, F.G. Kondev, Nucl. Data Sheets 113, 1315 (2012).

[9] S. Lalkovski, F.G. Kondev, Nucl. Data Sheets 124, 157 (2015).

[10] J.B. Snyder et al., Phys. Lett. B 723, 61 (2013).

[11] A. Dewald, O. Moller, P. Petkov, Prog. Part. Nucl. Phys. 67, 786 (2012).
[12] M. Rejmund et al., Nucl. Instrum. Methods Phys. Res. A 646, 184 (2011).
[13] Y.H. Kim et al., Bur. Phys. J. A 53, 162 (2017).

[14] A. Lemasson, M. Rejmund, Nucl. Instrum. Methods Phys. Res. A 1054,
168407 (2023).

[15] E. Clément et al., Nucl. Instrum. Methods Phys. Res. A 855, 1 (2017).
[16] A. Lemasson et al., Fur. Phys. J. A 59, 134 (2023).

[17] J. Ljungvall et al., Nucl. Instrum. Methods Phys. Res. A 679, 61 (2012).
[18] G. Pasqualato et al., Eur. Phys. J. A 59, 276 (2023).

[19] C. De Boor, «Applied Mathematical Sciences, Vol. 27», Springer, New York
2001, p. 87, ISBN: 0387953663.

[20] J.-P. Delaroche et al., Phys. Rev. C' 81, 014303 (2010).


http://dx.doi.org/10.1016/j.nds.2012.05.002
http://dx.doi.org/10.1016/j.nds.2014.12.046
http://dx.doi.org/10.1016/j.physletb.2013.04.046
http://dx.doi.org/10.1016/j.ppnp.2012.03.003
http://dx.doi.org/10.1016/j.nima.2011.05.007
http://dx.doi.org/10.1140/epja/i2017-12353-y
http://dx.doi.org/10.1016/j.nima.2023.168407
http://dx.doi.org/10.1016/j.nima.2023.168407
http://dx.doi.org/10.1016/j.nima.2017.02.063
http://dx.doi.org/10.1140/epja/s10050-023-01053-0
http://dx.doi.org/10.1016/j.nima.2012.03.041
http://dx.doi.org/10.1140/epja/s10050-023-01172-8
http://dx.doi.org/10.1103/PhysRevC.81.014303

	1 Introduction
	2 Experimental setup and data analysis
	3 Results and discussion

