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M. Zielińska [magda.zielinska@cea.fr], K. Kolos [kolos1@llnl.gov]
Contact person: K. Johnston [Karl.Johnston@cern.ch]

1

mailto:Liam.Gaffney@cern.ch
mailto:Piet.VanDuppen@fys.kuleuven.be
mailto:flavigny@ipno.in2p3.fr
mailto:magda.zielinska@cea.fr
mailto:kolos1@llnl.gov
mailto:Karl.Johnston@cern.ch


The INTC requested a Letter of Clarification regarding a number of issues in respect to the
proposed Coulomb excitation of 66,68,70Ni. Below I summarise their concerns for each isotope:

• 70Ni - Beam contamination from Ga was much higher in 2016 than in the past. Different
contaminations levels must be discussed and a tolerated level quantified.

• 68Ni - Second-order excitations may influence the determination of Qs. The choice of
beam energy should be clarified.

• 66Ni - Is it worth measuring for such a small amount of time and in what way will it help
the measurement of Qs in 68Ni?

70Ni – Yield measurements were performed by the TISD group in November 2016 [1] and
showed that the contamination from 70Ga is about 50-times higher than 70Ni. Since the release
of nickel is much slower than that of gallium (see Figure 1), only part of the true 70Ni yield
was measured. In the original proposal we estimated a primary yield of 1 × 105 ions/µC for
70Ni. The value from these recent measurements is 4 × 103 ions/µC and accounting for this
underestimation, we estimate the true yield to be of the order of 104 ions/µC. This represents an
order of magnitude drop in the primary yield propose making the experiment unfeasible. With
this in mind, we feel it appropriate to delay the measurement of 70Ni until such time that further
improvements in the beam intensity and quality can be made. It has been calculated that a
beam-to-contaminant ratio of 1:4 can be tolerated, whilst keeping the statistical uncertainty on
the normalisation to 20%, assuming a primary yield of 1× 105 ions/µC and 12 shifts of beam
time run in laser on/off mode.

68Ni – Second-order excitations in 68Ni are crucial to the success of the experiment. A beam-
energy optimisation has been performed in order to maximise the sensitivity to the spectroscopic
quadrupole moment, Qs, which comes about via the second-order excitation process of the
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[20] clusters, consisting of three sixfold segmented HPGe
crystals, were placed around the target chamber at a distance
of approximately 12 cm from the target position to detect the
emitted γ rays. An add-back procedure was applied, summing
up the γ rays simultaneously incident on crystals of the same
cluster and therefore correcting for Compton scattering within
the same cluster. At an energy of 1332 keV the absolute full
energy peak efficiency after applying the add-back procedure
was 7.1% and at 2033 keV it was 5.6%. The total measuring
time was 41 hours, the beam intensity of 68Ni on the 108Pd
target throughout the experiment being ∼104 particles per
second on average, using the production sequence as explained
below. Similar Coulomb excitation experiments with this setup
at comparable energies and masses have been successfully
performed for the study of neutron-rich Cu and Zn isotopes
[21,22].

The only isobaric contaminant present in the beam was
68Ga(T1/2 = 67.63 m), which, due to its relatively low ioniza-
tion potential, was ionized at the high-temperature surface of
the ion source. Moreover, the release time of 68Ga from the
target and ion source system (in the range of a few seconds)
is much shorter than that of 68Ni (in the range of a few
minutes) [17]. To reduce the overwhelming contamination,
considerations about the time structure of the beam are of
crucial importance. The proton beam from the PS booster
comes in supercycles consisting of 12 proton pulses per
cycle. The individual pulses (3 × 1013 protons per pulse) are
separated by a time interval of 1.2 s. Having protons on the
UCx primary target while acquiring data would cause the beam
to consist mostly of the dominant 68Ga contaminant, and 68Ni
would be a rather small component of the beam incident on
the secondary 108Pd target.

Due to the strong difference in release time and the pulsed
proton beam structure, a specific technique can be used. For
the present experiment the first five pulses of the supercycle
were taken to produce the radioactive nuclei, and the ion beam
gate was kept closed up to this moment (see Fig. 1). Only
800 ms after the fifth pulse the beam gate was opened, causing
a considerable reduction of the rapidly releasing 68Ga, whereas
the 68Ni isotopes were still diffusing out of the primary target
ion source system with a constant rate. A similar technique
has been applied in the heavy lead region [23]. To determine
the beam composition, scattering data in the DSSSD detector
were compared between periods when the laser beams were on
(68Ga and 68Ni) and off (68Ga only). A shutter was periodically
shifted in front of the laser beam to prevent the laser light
from reaching the ion source during every second supercycle.
Hence, “laser on” and “laser off” data have been subsequently
acquired. Figure 1 shows the number of elastically scattered
particles in the DSSSD detector as a function of the time
difference with the start of the 14.4 seconds long supercycle.
The 68Ga information has been obtained using the laser off
data, whereas subtracting the laser off from the laser on data
results in a pure 68Ni curve. Although the 68Ga contaminant is
released following a quasiexponential function, 68Ni is coming
out almost constantly, due to the long release time of the
element. The timing sequence of the proton pulses and the
status of the beam gate are shown in Fig. 1 as well. This setting
resulted in a 68Ni to total beam intensity ratio of 24 ± 1%. The
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FIG. 1. Release curves for 68Ni and the 68Ga isobaric contaminant
as a function of the time difference with the start of the supercycle.
800 ms after the fifth proton pulse the beam gate is opened, and the
produced ions are sent to the experimental setup.

actual measuring time when the 68Ni beam was impinging
on the target amounted to 8.8 seconds per supercycle (14.4–
5.6 s). When only selecting the last 5 s of the supercycle, the
68Ga contamination is lowered, enhancing the ratio of the 68Ni
beam component to the full beam intensity to 68 ± 1%.

Figure 2 shows the γ -ray spectra coincident with a particle
detected in the DSSSD and Doppler corrected for detection of
the 108Pd target recoil (a) and the 68Ni scattered projectile (b),
respectively, with data taken during the 8.8 s of the supercycle.
The latter was zoomed around the energy of the first excited 2+

state at 2033 keV. The Doppler-corrected spectrum for 108Pd
clearly shows the γ lines from the population of the 2+

1 , 2+
2 ,

and 4+
1 states in the target. Two smeared out photo peaks from

the transitions in the 68Ga contaminant are also visible. The γ
events shown in both spectra are in prompt coincidence with
the detection of a particle in the silicon strip detector, which can
be the projectile or the target or both. The energy deposited in
the DSSSD detector as a function of the laboratory angle allows
the projectile (68Ni and 68Ga) and target (108Pd) ions to be
discriminated. The following procedure was used to perform
the Doppler correction (see Fig. 3). In case a Doppler-shifted
2033-keV γ ray is emitted by the 68Ni projectile, knowledge on
the direction and the energy of the scattered ion is required to
perform the Doppler correction. If the 68Ni nucleus is detected
in the DSSSD detector, these quantities are registered in a
direct way. This occurs when the projectile has been scattered
between 16◦ and 53◦ in the laboratory system (26◦ and 83◦ in
the center-of-mass frame). In case a 108Pd target particle was
detected in the silicon strip detector, the 68Ni projectile was

047301-2

Figure 1: Release curves of 68Ni and 68Ga reproduced from Ref. [2]. Gallium is released rela-
tively quickly, following an exponential function, while nickel is released apparently constantly.
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reorientation effect [3]. This involved balancing the need to increase the impact factor to
maximise second-order excitations, i.e. the beam energy and centre-of-mass scattering angle,
with the widest possible range of the “safe” scattering angles covered in the experiment, i.e.
highest statistics. This compromise comes about due to Cline’s “safe” energy criterion [4], which
dictates the maximum centre-of-mass scattering angle that can be used for a given beam energy.
The beam energy that has been chosen is 4.0 MeV/u, leading to only a small amount of recoil
events discarded for being in the unsafe regime. A lower beam energy has the added advantage
of reducing single-step excitations to higher-energy 2+ states, further reducing correlations to
unknown matrix elements.
A full simulation of the experiment has been performed and shown in the original proposal to
give a precision on Qs down to about 0.1 eb. The question of how multiple-step excitations, to
the 0+

2 state in particular, will affect this precision has been considered and will be addressed
here. All other states lie too far in energy to influence the cross-section of the 2+

1 and 0+
2

states and their populations are calculated to be < 1% of the 2+
1 state at all angles, assuming

physically plausible matrix element values. The correlations to these higher-lying states can
nevertheless be simulated and are shown to be negligible.
A second-order process to populate the close-lying 0+

2 state is however, likely. Since there
can be only an E0 transition between this state and the ground state, single-step excitations
are ruled out. It follows then that the ratio σ(0+

2 )/σ(2+
1 ) is governed almost exclusively by

B(E2; 2+
1 → 0+

2 ), with only a small correlation to Qs(2
+
1 ). An experimental determination of

this ratio can be made by observing the E0 decay as explained in the original proposal [5, 6].
It is estimated that there will be of the order of 50 counts in the 511 keV particle-γ-ray peak
over the course of the beam time, assuming 〈0+

2 ‖E2‖2+
1 〉 = 0.29 eb or 350 counts assuming

〈0+
2 ‖E2‖2+

1 〉 = 0.80 eb. The correlation between these parameters can be studied and an
example is shown in Figs. 2 and 3. These correlation surfaces show that, even without a
measurement the 0+

2 → 0+
1 transition, which would add further a constraint to the y-axis of

the surface, the uncertainty in the extracted matrix element would increase by no more than a
factor of 2.
The latest yield measurement, performed in November 2016 [1], give a primary yield of 9.9 ×
104 ions/µC, an order of magnitude lower than the value in the proposal. After considering the
underestimation of the measurement due to using only part of the release curve (see Figure 1),
this represents a reduction of a factor of two in the intensity delivered to Miniball. A beam
gate will be used to reduce the contamination from 68Ga (1.3 × 106 ions/µC), while giving
only a modest loss of 68Ni intensity. Using event-by-event timing information, correlated to the
ISOLDE proton impact, further control can be gained over the beam composition in the data
analysis, similar to the technique of Ref [2]. A beam-to-contaminant ratio of 1:4 and 50% of the
beam time ran in laser on/off mode to determine the beam composition, would lead to a 6%
statistical uncertainty on the target normalisation (1.6% for a pure beam). This is comparable
to the statistical uncertainty of the Iγ(2

+
1 → 0+

1 ) intensity in 68Ni (6%), which is affected only
by the absolute yield and not by the contamination. Still, the limiting factor will not be the
statistical uncertainties, but the correlations to other matrix elements as previously discussed.

66Ni – There is a strong physics case to perform an independent Coulomb-excitation measure-
ment of 66Ni of Qs(2

+
1 ) for the first time in 66Ni and also to confirm the B(E2; 2+

1 → 0+
1 ) value

obtained in via intermediate Coulex [7]. Recent experimental and theoretical work have pre-
dicted triple shape coexistence, in the case of Monte-Carlo Shell Model (MCSM) calculations
of Otsuka et al. [8, 9], and Leoni et al. [10] have performed lifetime measurements of excited
0+ states. The interpretation of shape coexistence must be tested experimentally and therefore
it is crucial that electromagnetic moments are determined to confirm the conclusion that there
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Figure 2: A simulated two-dimensional χ2 surface plot for the 〈2+
1 ‖E2‖2+

1 〉 and 〈0+
2 ‖E2‖2+

1 〉
matrix elements (fit parameters) in 68Ni. The simulated data has been produced assuming
〈2+

1 ‖E2‖2+
1 〉 = 0.00 eb and 〈0+

2 ‖E2‖2+
1 〉 = 0.29 eb. It is cut at χ2 = χ2

min + 1 representing
1σ uncertainty. It is equivalent to the correlation surface between the two parameters and is
independent of the sign of 〈0+

2 ‖E2‖2+
1 〉 since the cross-section is proportional to the square of

the matrix element, or B(E2; 2+
1 → 0+

2 ). Only the experimental information on Iγ(2
+
1 → 0+

2 )
is included in the calculation of χ2.
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1 〉 = 0.80 eb.

4



are indeed two competing shapes in this nucleus.
A second route to inferring shape coexistence experimentally is via ρ2(E0) values. In our
proposed Coulomb-excitation experiment we expect to populate the excited 0+ states only very
weakly due to the large energy gap between the 2+

1 and 0+
i states and small B(E2; 2+

1 → 0+
i )

values predicted by the MCSM calculations [8, 9]. Particle-γ-γ coincidences will be used to
identify γ-rays depopulating 0+

i states, where we expect ≈ 10 counts in the 0+
2 → 2+

1 transition
assuming B(E2; 2+

1 → 0+
2 ) = 0.8 W.u.. The number of observed γ-rays is directly proportional

to this B(E2) value and therefore a larger than expected B(E2) would give a larger statistical
significance to any measurement. This means that we are at least sensitive enough to determine
a lower limit of B(E2; 2+

1 → 0+
2 ) that can be used in combination with the new experimental

lifetimes to give an upper limit on ρ2(E0; 0+
2 → 0+

1 ).
While 66Ni is a wholly independent measurement to that of the original 68Ni, the analysis
procedure will be exactly the same. Since the former case provides a much higher statisti-
cal precision, it will also serve as an empirical demonstration of the systematic uncertainties
involved in the determination of B(E2; 2+

1 → 0+
1 ) and Qs(2

+
1 ), which will dominate the final

errors. It is worthwhile noting that in addition to being a very intense beam, 66Ni is also
very pure [11], meaning there are no additional uncertainties introduced in the normalisation
procedure.
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