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Abstract: This is an addendum to experiment IS709, recently approved by the INTC.
The collaboration wishes to expand the scope of the original proposal to search for

excited 0+ states and E0 transitions in 96,98Sr, populated in the β decay of 96,98Rb. IDS
will be used to perform angular correlations and SPEDE to measure conversion electrons

to systematically study shape coexistence and shape mixing in the N = 60 region.

Requested shifts: 4 shifts, (split into 1 runs over 1 years)

Installations: IDS and SPEDE
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1 Introduction

At the 69th meeting of the INTC (February 2022) this collaboration presented a pro-
posal to search for excited 0+ states in 100Sr (N = 62) using IDS [1]. The states would be
populated in the β and βn decays of 100,101Rb and the 0+ states would be firmly identified
by means of angular correlations and direct E0 observation. The proposal was approved
and the committee encouraged the collaboration to expand the experiment to include
lighter masses and perform a systematic study of the 0+ states along the Sr isotopic
chain. With this addendum, we ask for additional shifts to explore shape coexistence in
Sr isotopes at and below N = 60. Considering that all the masses require the same setup
and target/ion source combination and will employ the same experimental techniques, we
believe running them all consecutively as a single beamtime would be the most efficient
way to proceed.

Since the physics motivation remains the same as in the main proposal, the reader is
referred to Ref. [1] for a detailed explanation of the scientific value of the experiment and
the specific details of the experimental technique. Only a few details will be provided
here to help guide the discussion.

2 Scientific value

As shown in Fig. 1, the region around N = 60 presents one of the most sudden
ground-state shape transitions that has been observed in the nuclear chart. When crossing
N = 60, the spherical (normal) and prolate (intruder) configurations invert, giving rise
to a sudden increase of deformation for the ground state of Sr, Y and Zr isotopes [2, 3].
Although this interpretation is generally accepted, the full picture is far from clear. As
can be seen in Fig. 1, no excited 0+ state has been firmly established above N = 60
(100Sr62 is the goal of the original proposal) and the oblate/triaxial one for 98Sr60 is only
tentative. In the case of 96Sr58, no electron spectroscopy has been published, therefore
key E0 transitions have not been measured.

The relevance of measuring E0 transitions has been discussed at length in different
reviews, for example Refs. [4, 5], which contain specific sections about the Sr isotopes
in the N=60 region. E0 transitions can only occur between states of equal J, and their
monopole strength ρ is proportional to the mixing amplitudes α and β and their difference
in mean-square charge radii ∆ ⟨r2⟩ (related to the quadrupolar deformation β2). It is
commonly expressed as:

ρ2(E0, J → J) ∝ α2β2(∆ ⟨r2⟩)2 (1)

Therefore, the measurement of E0 transitions between different bands gives invaluable
information about shape coexistence and shape mixing within a nucleus.

Indeed, the partial knowledge we have of shape coexistence in Sr isotopes suggests
that there is nearly no mixing between spherical and prolate configurations, which is
what allows for such a sudden increase of deformation [6]. It is argued that if the
mixing was stronger, there would be a smoother evolution of deformation when crossing
N = 60 [7]. On the other hand, an unpublished value for the 0+3 → 0+2 E0 transition
presents the strongest ρ20 of the entire nuclear chart [8], suggesting a very strong mixing
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between the two deformed structures of Sr isotopes. However, very little is known of this
third oblate/triaxial band to understand what is the role it plays in the shape evolution
of this isotopic chain.

Figure 1: Level energy systematics of the 0+ states in even-mass Sr isotopes. Levels in
black are associated with spherical shape, while levels in red and blue have been associated
with prolate and oblate/triaxial deformation, respectively. The dashed levels are tentative
and it is unclear to which band they belong, although the energy trend seems to suggest
they belong to the oblate/triaxial one. All data are from ENSDF [9].

3 Previous work

Figure 2 shows the known low-energy level schemes of 96,98Sr, with the relevant levels
and transitions for this experiment.

96Sr
The 96Rb→96Sr decay level scheme in ENSDF [9] is actually a PhD thesis [8], of which

only a small fraction of the results pertaining some angular correlations seems to have
been published [10]. Of note is the mixing ratio δ(E2/M1) obtained for the 2+2 → 2+1 ,
with a large error bar of over 50%. Also, lifetimes have been measured for all states
up to 0+3 and an upper limit for 2+2 [11]. However, the E0 transitions, key ingredients
to complement the picture of the different shapes in this nucleus and their mixing, are
missing, since no electron spectroscopy has been published.

98Sr
Reference [12] is the most complete β decay experiment on 98Sr. It presented a level
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Figure 2: (Left) Low-energy level scheme of 96Sr. The orange arrows are the unobserved
E0 transitions that this experiment aims to measure using SPEDE. (Right) Low-energy
level scheme of 98Sr. The spin-parity circled in red will be firmly established using angular
correlations with IDS. All data are from ENSDF [9].

scheme with levels up to ∼ 3.6 MeV (out of a Qβ of 12 MeV) with an admixture of the
g.s. and isomeric decay from 98Rb, from two experiments at ISOLDE and ILL-Grenoble.
Only the 0+2 → 0+1 E0 transition has been observed [13, 6]. The state at 1224 keV is
usually treated as the tentative bandhead of the oblate/triaxial band. However, nor is
its spin only tentative, the possibility of it having J = 1 with either parity could not be
ruled out.

4 Experiment goals

96Sr
The main goal for the 96Rb→96Sr decay is to perform the first electron spectroscopy

for this nucleus. Although the 0+2 → 0+1 would certainly be the most interesting one to be
measured, its large energy makes it challenging to observe, even more so if we consider
that the internal pair creation would be open. At least, an upper limit will be set. The
0+3 → 0+2 E0 appears in some works as observed in the PhD thesis of G. Jung [8]. However,
said work is not publicly available, so its method of determination or reliability cannot
be assessed and a re-measurement is warranted. This experiment will perform a direct
observation of this E0 electron using SPEDE.

In the case of the 2+2 level, we will use SPEDE to measure the total conversion coefficient
of the E0 + M1 + E2 2+2 → 2+1 transition. For this γ ray, a significant mixing ratio of
δ(E2/M1) = 2.0(11) has been measured, but its error bar is larger than 50% [10]. This
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experiment will use angular correlations with the IDS HPGe clovers to remeasure this
value. By increasing the amount of statistics manifold, the error bar will be reduced
enough to allow the precise extraction of the M1 and E2 conversion coefficient, and from
there the E0 component.

For all these levels mentioned before, the lifetimes or stringent limits are known. If
we are able to measure the E0 transitions, ρ20 can be extracted which will yield the first
picture of mixing between the different shapes of this nucleus.

98Sr
The main goal for this mass is the firm assignment of the spin-parity for the 1224.4-

keV level. Currently, it is a tentative (0+, 1), and therefore is the best candidate for
the bandhead of the oblate/triaxal band. The 1079.8 → 144.6 → 0 γ cascade should
allow to perform angular correlations. Such a potential 0 → 2 → 0 cascade presents
one of the most anisotropic angular distribution, and easily allows for an unambiguous
determination of 0+ states.

The level at 871 keV is the tentative (2+2 ). A high statistics experiment as this one
may be able to observe the (2+2 ) → 4+1 , which would make the assignment firm. A
complementary approach is to perform angular correlations with the (2+2 ) → 2+1 → 0+1
cascade. In that case, J=2 for the first state would always yield a4 > 0, while J=1 (the
only other viable option) would yield a4 < 0 (ai being the coefficients of the Legendre
polynomials describing the angular correlation). In addition, this would yield δ(E2/M1).
If the α(E0 +M1 +E2) is observed in SPEDE, it would allow to establish shape mixing
between these two bands.

5 Proposed experiment at IDS

As already discussed in the original proposal [1], the experiment will be conducted
at IDS. Five IDS clovers will be arranged in order to maximize the number of different
angles, as was successfully done in Ref. [14]. The neutron-rich Rb beams will be implanted
in the tape, placed at the centre of the IDS array, and the activity will be removed with
the help of a tape drive system. Plastic scintillators will be used downstream, around
the implantation point, to detect the β particles. On the upstream side, the SPEDE
spectrometer will be installed to detect conversion electrons [15].

6 Beam time estimation

Neutron-rich Rb A = 95, 100 − 102 beams were measured in ISOLTRAP using an
UCx target [16]. An interpolation of the yields suggests 2 · 105 pps for 96Rb and 6750 pps
for 98Rb. The only contaminants were isobaric Sr, with a factor ∼ 2 higher yield. In all
cases, the lifetimes of the Rb nuclei are 4-5 times shorter than those of the Sr isobars.
This ensures that by using the proton-on-target time signal we can separate both decays
and subtract the Sr activity in the offline analysis.

96Sr
Ref. [10] does not show a complete level scheme for 96Sr nor the amount of statistics
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collected. However, it seems that their angular correlation plots are not normalized and
the Y-axis shows the number of coincidences per angular bin. In that case, the 2+2 → 2+1 →
0+1 cascade would contain ∼ 1.1 · 104 counts. We will limit the beam rate to 105 pps (or
lower if the contaminants add much activity, since the DAQ cannot handle higher rates).
Using a branching ratio of 8% for the 692-keV 2+2 → 2+1 transition with a 4% efficiency and
5% for the 815-keV 2+1 → 0+1 , and with 30% for the β-particle detector, we can observe
near 3.5·105 coincidences in a single shift. This 30-fold increase in statistics should greatly
reduce the uncertainty of the δ(E2/M1) mixing ratio extracted from angular correlations.

In that same shift, we can set constrains in the E0 transitions we would be able to
observe. Assuming a total intensity for the 0+3 → 0+2 transition of 0.6%, a 10% efficiency
for SPEDE and a gate on the 0+2 → 2+1 γ-transition (5% efficiency) and a β-particle tag
to suppress background (30%), we should detect over 2.6 · 104 coincidences, more than
enough for a precise measurement of the E0 branching ratio. On the other hand, an
observation of the 0+2 → 0+1 E0 is difficult due to the large energy separation between
the two 0+ states. Assuming that the minimum peak we can observe in SPEDE above
the β background is ∼ 100 counts (the background is expected to be very low at this
energy), we can estimate what is the minimum branching ratio we would be sensitive to.
We would require a gate on several γ rays that populate the 0+2 from above, adding up
to a total intensity of ∼ 1% (not shown in Fig. 2), with an average efficiency of 5% and,
again, a tag in the β-particle detector (30%). Under these conditions, we should be able
to set an upper limit of 1% partial branching ratio. This is a stringent limit that can help
quantify the amount of mixing between the normal and intruder shapes for this nucleus.

98Sr
For this mass, the (0+2 ) → 2+1 → 0+1 cascade has an absolute intensity of ∼ 5% and

efficiency of 4% for the 1079-keV 0+2 → 2+1 transition and 10% for the 144-keV 2+1 → 0+1
one, with 30% for the β plastic, so 1.1·104 counts will be detected per shift. As established
in the original proposal, a 0 → 2 → 0 cascade requires 1.6 · 104 coincidences (100 per
detector pair, see Ref. [1]). However, the absolute intensity of the 1079-keV transition was
measured from an unknown admixture of 98Rb g.s. [Jπ = 0(−)] and isomeric [Jπ = (3+)]
decay [12] and these two decays could not be disentangled. Although that experiment was
performed at ISOLDE, it used 600 MeV protons, not the current 1.4 GeV and therefore
the ratio 98mRb/98gRb could be significantly different. Due to their very different spin-
parity, this would, in turn, induce very different apparent intensities of γ transitions. For
this reason, we request 3 shifts instead of 1.5, in case the population of (0+2 ) is significantly
lower.

In these 3 shifts, we would obtain also over 100 times more statistics than the
previous experiment [12]. This will allow to greatly expand the level scheme beyond
the current 3.6 MeV (out of a Qβ=12 MeV). Lastly, Park et al. [6] obtained ∼ 4000
counts in the (2+2 ) → 0+2 → 0+1 cascade in γ − e− coincidences. We expect to obtain
at least 4 times more statistics (doubling the sensitivity) plus an additional gate on
the β plastic detectors, thus reducing our background compared to theirs. This im-
provements should allow us to observe many more E0 transitions than that previous work.

Summary of requested shifts: 4 shifts with an UCx target
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Appendix

DESCRIPTION OF THE PROPOSED EXPERIMENT
The experimental setup comprises: (name the fixed-ISOLDE installations, as well as

flexible elements of the experiment)

Part of the Availability Design and manufacturing

(if relevant, name fixed ISOLDE
installation: COLLAPS, CRIS,
ISOLTRAP, MINIBALL + only
CD, MINIBALL + T-REX,
NICOLE, SSP-GLM chamber,
SSP-GHM chamber, or WITCH)

⊠ Existing ⊠ To be used without any modification

[Part 1 of experiment/ equipment]

2 Existing 2 To be used without any modification
2 To be modified

2 New 2 Standard equipment supplied by a manufacturer
2 CERN/collaboration responsible for the design
and/or manufacturing

[Part 2 of experiment/ equipment]

2 Existing 2 To be used without any modification
2 To be modified

2 New 2 Standard equipment supplied by a manufacturer
2 CERN/collaboration responsible for the design
and/or manufacturing

[insert lines if needed]

HAZARDS GENERATED BY THE EXPERIMENT (if using fixed installation:) Haz-
ards named in the document relevant for the fixed [COLLAPS, CRIS, ISOLTRAP, MINI-
BALL + only CD, MINIBALL + T-REX, NICOLE, SSP-GLM chamber, SSP-GHM
chamber, or WITCH] installation.

Additional hazards:

Hazards [Part 1 of experiment/
equipment]

[Part 2 of experiment/
equipment]

[Part 3 of experiment/
equipment]

Thermodynamic and fluidic

Pressure [pressure][Bar], [vol-
ume][l]

Vacuum

Temperature [temperature] [K]

Heat transfer

Thermal properties of
materials
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Cryogenic fluid [fluid], [pressure][Bar],
[volume][l]

Electrical and electromagnetic

Electricity [voltage] [V], [cur-
rent][A]

Static electricity

Magnetic field [magnetic field] [T]

Batteries 2

Capacitors 2

Ionizing radiation

Target material [mate-
rial]

Beam particle type (e,
p, ions, etc)

Beam intensity

Beam energy

Cooling liquids [liquid]

Gases [gas]

Calibration sources: 2

• Open source 2

• Sealed source 2 [ISO standard]

• Isotope

• Activity

Use of activated mate-
rial:

• Description 2

• Dose rate on contact
and in 10 cm distance

[dose][mSV]

• Isotope

• Activity

Non-ionizing radiation

Laser

UV light

Microwaves (300MHz-
30 GHz)

Radiofrequency (1-300
MHz)

Chemical

Toxic [chemical agent], [quan-
tity]

Harmful [chem. agent], [quant.]

CMR (carcinogens,
mutagens and sub-
stances toxic to repro-
duction)

[chem. agent], [quant.]

Corrosive [chem. agent], [quant.]
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Irritant [chem. agent], [quant.]

Flammable [chem. agent], [quant.]

Oxidizing [chem. agent], [quant.]

Explosiveness [chem. agent], [quant.]

Asphyxiant [chem. agent], [quant.]

Dangerous for the envi-
ronment

[chem. agent], [quant.]

Mechanical

Physical impact or me-
chanical energy (mov-
ing parts)

[location]

Mechanical properties
(Sharp, rough, slip-
pery)

[location]

Vibration [location]

Vehicles and Means of
Transport

[location]

Noise

Frequency [frequency],[Hz]

Intensity

Physical

Confined spaces [location]

High workplaces [location]

Access to high work-
places

[location]

Obstructions in pas-
sageways

[location]

Manual handling [location]

Poor ergonomics [location]

Hazard identification:

Average electrical power requirements (excluding fixed ISOLDE-installation mentioned
above): [make a rough estimate of the total power consumption of the additional equip-
ment used in the experiment]
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