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Abstract

We propose to study beta-delayed neutron emission from ***In using Isolde Decay Station
neutron and gamma detectors and new high-resolution neutron detector NEXT. The experiment
aims to perform high-statistics and high-resolution spectroscopy of neutrons, which are emitted
from excited states in ***Sn and ***Sn. The experiment addresses multiple goals relevant to
nuclear structure and astrophysics. It will provide data which will constrain the models of beta
decays and statistical particle emission near **Sn. The focus of this experiment will be to study
two-neutron emission from excited states in ***Sn. The relatively large probability of this process



will enable the identification of the neutron single-particle i1z, state in **3Sn, which will be
populated in the neutron emission from ***Sn; it is predicted to be neutron unbound.

Requested shifts: 18 shifts

Introduction: The decays of nuclei near doubly-magic '**Sn are essential to understand the
fundamentals of the beta-delayed neutron emission process due to the relative simplicity of
the underlying nuclear structure. This enables a credible comparison of the nuclear model
predictions and experimental data. The critical problem in modeling beta-decay using
modern configuration-interaction theory is the very extensive valence space needed due to
the large proton-neutron asymmetry, which is computationally challenging. This is the case
for the majority of the very neutron-rich nuclei of interest, for example, those on the r-
process nucleosynthesis path. A consequence of the large decay energies of the parent and
small neutron separation in the daughter is that beta-delayed neutron emission is the
dominant decay channel for most of the very neutron-rich nuclei. This two-step process
requires the knowledge of the beta-decay feeding pattern in the first stage, and neutron and
gamma emission mechanism in the second stage [Kaw08, Muml6]. The probability
distribution of both processes is determined by the underlying nuclear structure of involved
nuclei. Beta decays of such few, and unique nuclei such as ™*Co—"%Ni or
133,341, 133134G are critical to benchmark nuclear models far from stability. Presently
experiments with indium isotopes are feasible [Hof96,Dil-2,Pie20], while the cobalt decay
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studies did not reach beyond N=50 [Xul4] due to small production cross-section.

Figure 1. Beta decay of **In. The excited neuron unbound states in '**Sn will decay via neutron emission to
neutron bound and unbound states in '*In. The hypothetical 13/2* state in *Sn is marked green. Its
excitation energy is expected to be below 3 MeV, which will enable its population in the decay of neutron
unbound states with energies above 6.6 MeV in '*Sn. (Right) Shell-model predictions for the negative excited
states in "**Sn and Gamow-Teller strength distribution using modified interactions [Yual6] with added orbitals
outside N=82 neutron shell gap. The calculations were done for the J=7 spin and parity of the **In ground
state

The continuous development of improved laser ionization schemes at ISOLDE
[Han00,Dil02] enables the production of these isotopes with high rates, enabling
spectroscopic studies of even very small decay branches. Recently we studied the beta-
delayed neutron emission from the *’In precursor [Mad17,Xu20]. The unique use of RILIS



allowed for selectively ionize the 9/2" ground state and 1/2 isomer. The results from our
recent experiment on beta delayed neutron emission from *’In and "**™In decays provided a
very complete data set [Xu20]. This is a very typical r-process beta-delayed neutron
precursor: the decays of N>82 and Z=49 indiums have very large Qg values and their beta
decay populates tin isotopes with small neutron separation energy. We were able to observe
and quantify the dominant Gamow-Teller transformation of the neutron g;, into a g,
proton, the primary goal of that experiment. The experiment observed intense first
forbidden (FF) transitions connecting various single-particle levels in this very proton-
neutron asymmetric nucleus. Due to the paucity of bound excited states in '*Sn we
observed multiple strong individual transitions to neutron unbound states in *°Sn. The
observed transition probabilities were consistent with the shell-model predictions [Yos18]
using a large valence space in protons and neutrons. Additionally, we observed direct
neutron emission from known gamma decaying states [Pie19,Vaql7]. This demonstrates
that the neutron or gamma-ray emission occurs from very narrow states with sub-keV
widths even at very high excitation energies where neutron emission widths are naively
expected to be large.

The data analysis of this experiment is completed and the first publication is in preparation
[Xu20]. The natural next step of this investigation, neutron and gamma-ray spectroscopy of
In decay is proposed here. Identical nuclear structure effects will determine the general
decay properties of **In. However, the details of the decay of '*In are different than those in
the decay of *In. Main difference comes from the small two-neutron separation energy of
13Sn. It opens up of populating neutron-unbound states in '**Sn with very different spin and
parities of those in the beta-decay of *In, under the compound nucleus assumption
[Kaw08]. *In is an odd-odd nucleus, with a high-spin ground state most likely J"=(4 - 7)
from the coupling of the three valence neutrons outside N=82 closed shell. They are most
likely in the f7,, neutron orbital coupled to the g, proton hole in Z=50. The beta-decay
ground state energy is high, about Qg=14.7 MeV, and the decay daughter **Sn has low one-
and two-neutron separation energies S,=3.6 MeV and S,,=6.03 MeV respectively. The
expected Gamow-Teller decay will be of the same nature as in *’In (vg;,>ng,,; E'~6 MeV).
Due to the odd-even effect the GT resonance is predicted to be at 7 MeV energy in '*In,
similar to the *’In decay. This excited state is therefore predicted to be above the two-
neutron separation energy, which opens up exciting possibilities for investigating states in
33Sn. Besides, the presence of two valence neutrons outside the N=82 closed shell, leads to
a much higher density of excited states in **Sn, which may be reflected in the observed beta-
decay properties. In addition, neutrons will be emitted to bound excited states in '*Sn
[Hof96], with relatively well-established spin assignments [Jon12] which can be used to aid
in spin assignment of intermediate in states in “*In. In "’In decay neutrons emitted from
excited states in '’Sn proceed almost entirely to the ground state of **Sn due to the high-
energy of the first excited state.

The experiment will attempt a detailed study of neutron and gamma-ray spectroscopy using
IDS neutron time-of-flight array and IDS clover detectors required for proper reconstruction
of the level scheme. In addition, we will complement this system with NEXT neutron array
[Heil9], which will provide the capability for much-improved resolution of neutron energy
measurement in addition to neutron-gamma discrimination capability. This is achieved by
adding neutron interaction localization capability achieved via segmentation of the array.

Goals of experiments: The decay of pn precursor **In will address multiple goals, which all
can be achieved in a single measurement with the IDS experimental setup.
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The first goal will be a measurement of the main Gamow-Teller decay channel vg;,,—ngo/,
via its neutron emission. Our recent shell-model calculation predicts that this transformation
will populate a group of states at about 7 MeV, which are one and two-neutron unbound,
see Figure 1. The decay of this group of resonances can be complicated. In the case of single
neutron emission, the excited single-particle states in '**Sn will be populated. This will lead
to fragmentation of the neutron spectrum and will require neutron-gamma coincidence
measurement. Figure 2 summarizes the predictions from the Los Alamos Hauser
Feshbach(HF) CoH3 code [Kawl6, Kawl9] of the relative intensities of neutron and
gamma rays in the decay of a single 7 MeV state in **Sn for different spins assuming
compound nucleus [Kaw(8]. Neutron emission probabilities are only determined by the
optical model parameters and not details of the structure (wave functions) of the nuclear
states. This measurement is essential to establish systematics of the GT quenching near
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Figure 2. Neutron (red and blue) and gamma-ray (black) spectra simulated using the CoH3 Hauser-Feshbach
code [Kawl16] from the single excited state at E'=7 MeV in *!In, with Koning-Delaroche optical model
parameters. The neutron energies marked in red are from two-neutron emission populating a hypothetical
113/, state at E=2791 keV in the left panels. (Right) Relative population of the 13/2" state as a function of spin
and E* of the neutron emitting state in **Sn.

doubly magic nuclei. It 1s required to benchmark recently developed nuclear theories
[Gys19] and compare them to e.g. future the charge-exchange experiments when they
become feasible beyond '**Sn [Yas18]. The understanding of the relative importance of GT
and forbidden transitions in the neutron-rich nuclei is needed to make credible global predictions
for the r-process nuclei [Mol03].

The second goal of this experiment is the measurement of two-neutron emission probabilities
from the excited states in **Sn. The **Sn has low two-neutron separation energy and offers
a unique opportunity to study this process, such as energy correlations between neutrons.
This has never been done in a heavy nucleus and is an excellent test of the parameterization
of optical models of neutron emission within the HF formalism. We will use the
information from our previous experiment to perform neutron-neutron coincidence
measurement and thus identify two-neutron emitting excited states in **Sn populated in the
In beta decay. This will enable a more complete determination of the beta-decay strength
distribution. In addition to two-neutron emission, two-neutron unbound states are known to
decay via emission of a single neutron [Yok19,Mol19]. This is correctly predicted by CoH3
statistical model, see Figure 2. For most of them we were able to make a tentative spin
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assignments based on their population intensity in the decay of **In ground state (J=9/2%)
and isomer (J=1/2°) [Xu20] and this will enable a very detailed comparison with the
statistical model predictions. The use of NEXT detector is essential, thanks to its high-
resolution energy measurement capability. NEXT will focus on isolating known transition
from '*In decay, while the IDS Neutron DEtector (INDIiE) will provide high-efficiency to
detect neutron emitting states in '*Sn precursor.

The third goal of this experiment is the identification of the 1;3,, single-particle neutron state
in '¥Sn. The 13/2" neutron single-particle state in **Sn is predicted to be neutron-unbound
and is expected below 3 MeV excitation energy [Urb99,Leil4]. It was sought for in a direct
reaction experiment [All14]. A possible candidate was found at 2791 keV via observation of
a single gamma-ray in a neutron transfer experiment [All14], but this assignment was
deemed inconclusive by the authors. This was due to the expected dominant neutron decay
channel from this state, which would overwhelm the E3 gamma-decay channel. The relative
population of the i3, state in the neutron transfer reaction would have been unexpectedly
large for the observation of 2791 keV line. In the proposed experiment, we will search for
the 1,3/, state, which is very likely to be populated in the neutron emission from **Sn excited
states. The expected high-spin ground-state of **In is a key factor in achieving this goal, see
Figure 2. The excited states populated in **Sn via GT or FF transition will be
predominantly high-spin. Neutron emission from '“Sn unbound states will also
preferentially populate high-spin states in **Sn due to the smaller centrifugal barrier in the
emission of a neutron with low orbital angular momentum. This decay scenario was
modeled using the HF CoH3 code [Kaw16]. In these calculations we have tentatively placed
the 13/2* excited state in '¥Sn at E'=2791 keV and calculated neutron spectra for various
excitation energies of the excited states in 134Sn. In this scenario, a neutron line at E*-S,=392
keV will be observed for the emission from *’Sn, the other neutron, emitted from excited
states in '**Sn, will carry the energy which will depend on the energy of excited state in
4Sn. The signature of the i3, state will be (here) a neutron line at about 400 keV in
coincidence with higher energy neutrons from excited states in '**Sn, which are feeding this
state.

The fourth goal of this proposal will be direct identification of the proton-core breaking
transitions, which will populate states at about 10 MeV excitation energy. The previous
measurement by the Warsaw University group showed that excited states, including the 6*
isomer, in **Sn are populated [Pie20]. In order to explain this observation a population of
states in "**Sn, which are at least about 10 MeV in excitation energy, is required. We plan
also to devote a short measurement with '*’In (J"=7", Qp=14.14 MeV, P,,=6.3% ). The GT
transition is populating neutron bound state at E'=7.2 MeV (S,=7.353 MeV) and proton-
core excitations will be decaying via single neutron emission.

Experimental setup: The experiment will be instrumented at the ISOLDE Decay Station
using its standard set of 4 clover detectors, ~4% efficiency at 1 MeV, the IDS in-vacuum
beta detector, 90% electron detection efficiency, and the newly commissioned IDS Neutron
DEtector (INDiE) using VANDLE array detector design and electronics [Paul4,Petl6].
The angular acceptance for 26 bars at 100 cm is Q=11% of 4n, and using 90% beta
efficiency, the total efficiency of the array is between 3-5%, see Figure 3. The performance
of this system was demonstrated during the '*’In decay experiment. The neutron detection
will be enhanced by 15 NEXT neutron detector modules, which will have much higher
neutron energy resolution due to their segmentation and provide additional 3% neutron
detection efficiency. These detectors are capable for neutron-gamma discrimination above
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400 keV neutron energy, which is an added benefit for this measurement. These detectors
will be operated at 50 cm TOF and will be placed on both sides of INDiE. Both detectors
have a neutron detection threshold of about 100 keV. During the '*In experiment (I5630),
we performed a short production test of *In which resulted in a preliminary neutron
spectrum demonstrating the feasibility of the proposed measurement.
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Figure 3. (left) Simulated neutron spectra for NEXT (top) and INDIE (bottom) detectors for the excitation of
the 7 MeV with e.g. J=5 (see Figure 2). Two low energy peaks are from the 2n decay proceeding via the
hypothetical 13/2* state in '**Sn. (Right) The neutron detection efficiencies: (red) INDIE consisting of 26
modules at 100 cm. (blue) NEXT for 16 modules at 50 cm TOF. (grey) Estimated two-neutron detection efficiency
(multiplied by 5) for E;,=E,, situation. The NEXT detector covers approximately half of the solid angle compared to
that of INDIE.

Summary of requested shifts:

Table 1: Expected neutron rates. These calculations are done for 2 uC PS Booster beam and 50% transmission
efficiency to IDS (n.c. = neutron converter)

Pin Yield IDSND Neutrons Shifts Target  Source

(%) (ion/uC) Eff (1/h)
%210 6.3% 8000 0.04 4010° 2 UCx+n.c. Hot Ta line and cavity + RILIS
¥n 80% 100 0.04 8.110° 15  UCx+n.c. Hot Taline and cavity + RILIS
N 95.1% 100 0.04 1.010° 1 CaO Hot Ta line and cavity

Table 1 summarizes the requested beam time. Due to the lack of beta-decaying isomers in
even In isotopes, we request the hot Ta ion source along with the RILIS ion source in
broadband mode. Enhancement of In release using RILIS has been observed in several
experiments at ISOLDE [Dil02,Fral6], with yields of 8000 and 95 ions/uC for "*’In and
PIn respectively. The main isobaric components, and therefore contamination, in masses
132 and 134 are the relatively long-lived isotopes of iodine and cesium. However, these are
not neutron emitters; therefore they will not contribute to the background in INDIE. In the
case of *“In, the daughter **Sn has a neutron branching ratio of 17%. Recent experiments at
IDS [Fral6,Mad17] showed an effectively complete suppression of Sn components using a
combination of electromagnetic separation and RILIS. We request 15 shifts to collect at
least 1x10° neutrons from the decay of **In and two shifts to collect about 0.5x10° neutrons
from ’In. The calculations were made using the measured spectrum of '*In convoluted
with known neutron detection efficiency. The more recent preliminary estimates from
BRIKEN data of P,,=0.8 and P,,=0.1 were used [Estl17]. During the 20 shifts we expect to
collect about 15x10° of two-neutron events. This number carries about 50% uncertainty due
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to unknown spectrum of the neutrons observed in this process. Beam time breaks down in 2
shifts for '*In, 15 shifts for **In and 1 shift for '’N calibration. Measured spectra of '*’In and
"In will be provided to INTC.
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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 Choose an item. Availability Design and manufacturing

[if relevant, name fixed ISOLDE X Existing X To be used without any modification
installation: COLLAPS, CRIS,
ISOLTRAP, MINIBALL + only CD,

To be used as currently existing

MINIBALL + T-REX, NICOLE, SSP-GLM IDS
chamber, SSP-GHM chamber, or
WITCH]
[Pa rt 1 of experiment/ equipment] I:l Existing I:l To be used without any modification
[] To be modified
L[] New ] standard equipment supplied by a manufacturer
] CERN/collaboration responsible for the design and/or
manufacturing
[Part 2 experiment/ equipment] ] Existing ] To be used without any modification
[] To be modified
L] New ] standard equipment supplied by a manufacturer

|:| CERN/collaboration responsible for the design and/or
manufacturing

[insert lines if needed]

HAZARDS GENERATED BY THE EXPERIMENT

(if using fixed installation) Hazards named in the document relevant for the fixed [COLLAPS,
CRIS, ISOLTRAP, MINIBALL + only CD, MINIBALL + T-REX, NICOLE, SSP-GLM
chamber, SSP-GHM chamber, or WITCH] installation.

Additional hazards:

Hazards [Part 1 of the [Part 2 of the [Part 3 of the
experiment/equipment] | experiment/equipment] | experiment/equipment]

Thermodynamic and fluidic

Pressure [pressure][Bar], [volumell]
Vacuum
Temperature [temperature] [K]

Heat transfer

Thermal properties of

materials

Cryogenic fluid [fluid], [pressure][Bar],
[volumel[l]

Electrical and electromagnetic

Electricity [voltage] [V], [current][A]

Static electricity

Magnetic field [magnetic field] [T]

Batteries |:|

Capacitors |:|

lonizing radiation




Target material

[material]

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

Beam intensity

Beam energy

Cooling liquids

[liquid]

Gases

[gas]

Calibration sources:

e Open source

e Sealed source

|:| [ISO standard]

e |sotope

e Activity

Use of activated material:

e Description

]

e Dose rate on contact
and in 10 cm distance

[dose][mSV]

e |sotope

o Activity

Non-ionizing radiation

Laser

UV light

Microwaves (300MHz-30
GHz)

Radiofrequency (1-300MHz)

Chemical
Toxic [chemical agent], [quantity]
Harmful [chemical agent], [quantity]

CMR (carcinogens, mutagens
and substances toxic to
reproduction)

[chemical agent],

[quantity]

Corrosive [chemical agent], [quantity]
Irritant [chemical agent], [quantity]
Flammable [chemical agent], [quantity]
Oxidizing [chemical agent], [quantity]
Explosiveness [chemical agent], [quantity]
Asphyxiant [chemical agent], [quantity]
Dangerous for the [chemical agent], [quantity]

environment

Mechanical

Physical impact or [location]
mechanical energy (moving

parts)

Mechanical properties [location]
(Sharp, rough, slippery)

Vibration [location]
Vehicles and Means of [location]
Transport

Noise

Frequency [frequency],[Hz]
Intensity

Physical

Confined spaces [location]
High workplaces [location]
Access to high workplaces [location]
Obstructions in passageways | [location]
Manual handling [location]
Poor ergonomics [location]




0.1 Hazard identification

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

The INDIE detectors run at 1000 V and use 1 mA current on average, drawing 1 W each. The next
detector have exactly the same power requirements. We will run 40 detectors, requiring 40 W.
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