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Abstract: We propose to measure the **Ca(d,p)®' Ca transfer reaction using the
I[SOLDE Solenoidal Spectrometer. This reaction will be carried out in inverse
kinematics and allows to populate states in >'Ca with a single-neutron character. This
empirical information will help to evaluate the predicted new neutron magic numbers in
calcium (N=32 & N=34) [I} 2] by evaluating the energy gaps between the v2ps/, 12p1 /2
and v1fs, orbitals. The proposed experiment can test the previously assigned
configurations and spins of the states populated in a S-decay experiment [3] and a deep
inelastic transfer reaction experiment [4].
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Requested shifts: 15 shifts
Installation: HIE ISOLDE 2nd beamline (ISS)



1 Physics Case

Having protons only in the mlds/, orbital and not in the wlf;/, orbital, the calcium
isotopes are important for the study of the evolution of the neutron orbitals. It was
theoretically predicted that the empty 71f7/, orbital and its absent tensor force influence
on the neutron v2ps/s, v2p; /2 and v1f;/, orbitals gives rise to new neutron magic numbers
32 and 34. In contrast, the fully filled 71f;/; orbital in Ni isotopes will substantially
affect the position of those neutron orbitals, reducing their energy and placing the v1f5/;
orbital between v2ps/, and v2p; /5 [5].

Various studies have pointed towards the existence of these two additional magic neutron
numbers on the neutron-rich side, namely N=32,34 (corresponding to *2*1Ca) [6], [7, [§].
Investigations have been performed to determine (among others) the masses [9], first
2% and 3~ energies [2] and charge radii of these nuclei [10]. The resulting observables
give conflicting results about the magic character of these nuclei. For example the mass
and 27 energy of *?Ca point towards magicity, but its charge radius is much larger than
expected for a doubly magic nucleus. However, by performing one-neutron knockout on
2Ca, Enciu et al. [1I] obtained a large root-mean-square radius of the v2ps/, orbital
which can serve as an explanation for the charge radius increase that is compatible
with the magicity of *?Ca. To clarify the shell migrations and appearance of the magic
numbers, studies into the surrounding nuclei are needed.

The involved shell model orbitals are the v2ps/s, v2p1/2 and vifs)y, situated directly
above the N=28 shell gap. In the stable isotope ®*Ni (Z=28,N=34), the v1f;/s orbital
lies in between the v2ps/; and the v2p;/, orbitals, leaving no large gaps in between.
However when going to lower Z isotopes, the vlfs,, orbital migrates upwards due to
the reduction of the tensor force, which is proportional to the occupation of the w1fy
orbital. In Ca the v1f5/; appears above the v2p;/, orbital, forming two new energy gaps
at neutron numbers N = 32 and 34 [12]. This evolution is schematically shown in figure ]
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Figure 1: Shell evolution between Ni and Ca. Figure taken from [12]. The wavy line
indicates the attractive force between the wlf;/, and v1fs/, orbitals, which is reduced
when protons are removed from the w1f7 .

As the ground state of 5°Ca contains two neutrons in the v2ps /2, the transferred neutron
can enter in any of the three orbitals described above. This leads to the possibilities
shown in figure [2]
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Figure 2: Assuming a pure configuration in *°Ca, with two neutrons in the v2ps,, the
transferred neutron can end up in each of the three depicted shells, leading to different
spin states.

The available data on °'Ca only contains a firm spin assignment for the 3/2~ ground
state [13], with other states either having a tentative spin assigned [14], or none at all.
Therefore the other two displayed states are still open to investigation. Single-neutron
transfer reactions on the stable Ca have been performed in the past [15] [16] as well as



one-neutron knockout on *¥°%52Ca [11],17] . Theoretical calculations performed Otsuka et
al. [5] predict little change in the v1f5/5 effective single particle energy going from **Ca to
% (Ca. The evolution between *°Ca and °'Ca can be evaluated in the proposed experiment.

The N=34 gap can be evaluated by measuring the relative position of the v2p;,, and
v1fs ), orbitals. In the deep inelastic transfer experiment [4], two states with a tentative
spin assignment 5/2~ were observed at 2.4 MeV and 3.5 MeV in 5'Ca. The 2.4 MeV
(5/27) state has no equivalent in *Ca, where two 5/2 states appear at 3.6 and 4.0
MeV. Both of these states in °Ca were populated via (d,p) reactions in direct kinematics
using a stable calcium target [I5, [16]. The 2.4 MeV state in *'Ca was interpreted as a
48Ca core plus two neutrons in the v2ps /2 coupling to a 2% configuration with the last
neutron in the v2p; /o orbital [4, 14]. The proposed (d,p) reaction can be used to check
this and other proposed configurations. In addition the obtained angular distributions
can help to verify the assigned spins.

2 Experimental Setup

The ISS is well-suited for (d,p) reaction studies, where the low energy protons are going
backwards in the laboratory frame. These protons are detected with the hexagonal silicon
array. In addition, the recoils can be detected and identified using the Bragg chamber
mounted at the end of the ISS setup. The elastically scattered deuterons are focused
in the forward lab angles and can be detected by a luminosity detector to monitor the
incoming beam rates.

The requested energy of the *°Ca beam is 7 MeV/u. This energy strikes a balance
between the reaction cross-section (lower energy provides better Q-value matching)
and the detection efficiency of protons for excited states. This beam energy allows
us to observe protons for excitation energies up to 4 MeV in °'Ca. Based on the
yield of 2.50e5 particles/uC (listed in the ISOLDE yield database) and an estimated
transmission efficiency of 5% (at a charge state of 17+, maximal energy 9.4MeV /u,
private communication with A.Rodriguez), the total yield will be approximately 1.25e4
particles/uC at the setup. However, higher yields for neutron-rich calcium isotopes
were measured by ISOLTRAP [I8] , with a yield of approximately 8.00e5 particles/uC
for 5°Ca, which corresponds to 4.00e4 particles/uC at ISS considering 5% transmission
efficiency from ISOLTRAP to ISS. The estimates described below are made using the
yield from the ISOLDE database.

The nuclear reactions will take place inside the ISS magnet operating at a field strength
of 2 T. The beam of *°Ca will be focused at a CD, target with thickness of ~200 pg/cm?.
The low energy protons will be detected by placing the silicon array upstream (backward
lab angles). The expected angular distributions were obtained using the FRESCO code
[19] and are shown in figure [ The calculations include five energy states with a spin
assignment [20] (assuming that they correspond to a pure single neutron added to °Ca



Table 1: Expected counts and total integrated cross sections

State Total 47 Integrated Cross | Expected Number of | Expected Proton
Section [mb] Reactions over 47 Counts in Array

2p3/9 GS 56.49 3436 1617

2p1/2 1.7TMeV | 29.13 1772 876

1f5/5 2.4MeV | 24.73 1504 673

2p3/2 2.9MeV | 62.06 3775 1761

1f5/5 3.5MeV | 32.36 1968 841

configuration). The optical model parameters used are taken from Daehnick [21] for the
deuterons and Koning-Delaroche [22] for the protons.
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Figure 3: Calculated cross section for five states with spin-parity assignments. All spec-
troscopic factors are taken equal to one.

The total integrated cross-section and the expected counts for a 200 ug/cm? target after
15 shifts at an average proton current of 1.5 A can be found in table

2.1 ISS silicon array

The ISS silicon array is used to detect protons produced in the (d,p) reaction. The protons
emitted from the reaction have a minimum energy of 2.02 MeV if the 5'Ca is produced
in the ground state (down to 606keV at the neutron separation treshold). The reaction
was simulated using the NPTool package [23] using the cross sections (shown in figure
3) and states (as listed in table |1]) for a magnetic field of 2 T and a distance of 100 mm
between the target and the array. The silicon array covers the z range of -100 mm to
-600 mm (distance to target along beam direction, negative means upstream). In this
configuration protons with 11° < 6., < 36° can be detected on the array for states with
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excitation energy up to 4 MeV. The requested number of shifts allows for a minimum of
500 expected proton counts in each of the states.

Excitation energy spectrum
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Figure 4: Simulation of the reaction performed using the NPTool code. Top: recon-

structed excitation energy spectrum. Bottom: Energy vs z-position of detected proton in

the silicon array. The highest kinematics line corresponds to the ground state.

Remark concerning the low intensity of the requested *°Ca beam: The resulting inten-
sity of the ®°Ca beam on the CD, target most likely will be the lowest among the all
experiments conducted with ISS so far. However, an experiment with a similarly low
beam intensity was successfully run with ISS in November of 2022. The measurement of
the excited states in %Ni with a %Ni(d,p) reaction (IS587 experiment) demonstrated the
feasibility of conducting an experiment with ISS using low intensity beams of ~ 3 x 10*

pps at the setup. A preliminary energy spectrum obtained after this experiment is shown
in figure [5
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Figure 5: Preliminary energy spectrum obtained during the IS5H87 experiment
(%®Ni(d,p)®Ni). Blue: Data (laser on + 3s beamgate). Red: Background (laser off +
no beamgate).

Altough data analysis is still ongoing, the preliminary spectrum shows clearly separable
energy states with sufficient statistics in the peaks of interest.

Summary of requested shifts: A total of 15 shifts in a single run are requested.
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Appendix

DESCRIPTION OF THE PROPOSED EXPERIMENT
The experimental setup comprises: The ISOLDE Solenoidal Spectrometer (ISS)

Part of the Availability | Design and manufacturing
X Existing | X To be used without any modification
1SS O To be modified

O New O Standard equipment supplied by a manufacturer

O CERN/collaboration responsible for the design
and /or manufacturing

HAZARDS GENERATED BY THE EXPERIMENT (if using fixed installation:) Hazards
named in the document relevant for the fixed ISS installation.

Additional hazards:

Hazards

Thermodynamic and fluidic

Pressure

Vacuum

10~% mbar

Temperature

293 K

Heat transfer

Thermal properties of
materials

Cryogenic fluid

Electrical and electro

magnetic

Electricity

Static electricity

Magnetic field

2T

Batteries

Capacitors

Ionizing radiation

Target material [mate-
rial]

CD2

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

0Ca

Beam intensity

Beam energy

7 MeV /u

Cooling liquids

Gases

Calibration sources:

e Open source
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e Scaled source

X

e Isotope

a: M8Gd, 2Py, ?!Am and ***Cm

e Activity

a: 1 kBq/isotope

Use of activated mate-
rial:

e Description

e Dose rate on contact
and in 10 cm distance

e Isotope

e Activity

Non-ionizing radiatio

Laser

UV light

Microwaves (300MHz-
30 GHz)

Radiofrequency (1-300
MHz)

Chemical

Toxic

Harmful

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

Corrosive

Irritant

Flammable

Oxidizing

Explosiveness

Asphyxiant

Dangerous for the envi-
ronment

Mechanical

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

Mechanical properties
(Sharp, rough, slip-
pery)

Vibration

Vehicles and Means of
Transport

Noise

Frequency

Intensity

Physical

13




Confined spaces

High workplaces
Access to high work-
places

Obstructions in pas-
sageways

Manual handling

Poor ergonomics

Hazard identification:

Average electrical power requirements (excluding fixed ISOLDE-installation mentioned
above): N/A
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