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Abstract

We propose to measure the ordinary muon capture (OMC) on several enriched isotopes
in order to investigate neutrino nuclear responses for neutrinoless double beta decay (DBD,



0v33), namely 3Ba, "6Se and **Mo. This work extends our program of OMC measure-
ments for daughter nuclei of DBD-nuclei aimed to improve calculations of nuclear matrix
elements (NME) of Ovf3 process as well as our understanding of g4 quenching in this
process. The OMC on 2%Ba and "®Se is of particular importance for the planned lead-
ing experimental searches for the 0v33 decay of 136Xe — nEXO, KamLAND2-Zen, NEXT,
DARWIN, and PandaX-III — and of “Ge — LEGEND. We also suggest to measure 328,
56Fe and %Mo as a next step for the experiment. The first two targets could be very
useful in order to check the sustainability of the used models. The last one looks rather
attractive from the astrophysical point of view.

The proposed experiment will study the muon absolute lifetime and radioactive produc-
tion rate for OMC. The muon stop in the target will be identified by the trigger system
based on scintillation counters. High-purity Ge detectors will be used to register muonic
X-rays and short-lived y-rays. Mass distribution of the produced isotopes will be obtained
by measuring delayed ~-rays emitted after the irradiation. The mass distribution of these
isotopes corresponds to the radioactive production rates of the OMC. The relative neutrino
responses (the strength distributions) for the OMC is derived via the comparison with cal-
culated production rates using the proton and neutron emission model after the OMC. The
measured absolute lifetime together with the relative strength distribution will confirm the
absolute capture strength as a function of the excitation energy and will help to extend
shell model calculations to the heavy DBD isotope mass region and Supernova studies.



1. Beam and area requirements

Areas:
mE1l

Beam:
7E1: negative muon beam at ~30-33 MeV /c; (2 —4) x 10* u= /s

Facilities:
wE1: spin rotator or separator

Duration of experiment:
mE1l: 3 weeks

Beam time request 2020:
3 weeks of beam time in 7E1; 1 week of setup and tuning and 2 weeks of data taking. An
allocation beginning October 2020 would be preferred.
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Experiment Number (if known)
Instrument / Beamline {  =E1
Date of Experiment (if known) from 2020 fo
SAMPLE | name of substance Barium Carbonate (isotopically enriched and natural)
TARGET | chemical formula BaCOs :
form of material powder [ X ] liquid [ ] solid [ ] other [ ]
amount of material 449
size of material
container/sealing: 2 plastic containers/closed
transport: | by user [ X] shipped separately [ ] already atPSl [ ]
removed: | by user[X] stored at PSI[ ] disposed off by PSI| ]
Toxic no[x] /ves| 1, specify:
ingestion [ ] inhalation [ ] skin contaci[ ] eye contact [ ]
other [ 1, specify:

contact person: P. Hasler

Already radioactive: | no [x] yes [ ] | activity: Bq | isotopes: IAEA supervision [ ]
Activation expected: | no[ ] yes [X] | activity: <100Bq | isotopes: IAEA supervision [ ]
contact person: A. Fuchs

Bio. Hazard | no[x] /yes[ ], specify:

contact person: K. Ballmer

Reactive: no[x] /yes| ], specify:
inflammable: [ ] explosive: [ ] corrosive: [ ]
in contact with: airf ] water[ ] heat[ ] other.

contact person: P. Hasler

Equipment during transport/experiment/storage: contact person  transp. exp. storage,

magnetic field Tesla C. Wernli [ ] [ ] [ ]
pressure kbar, m*3 S. Bondt [ ] [] [ 1
heating K, Watt P. Hasler [ ] [ ] [ ]
cryogenics K, coclant Ch. Geiselhart [ ] [ ] [ ]
thin window L. Simons [ ] [] [ 1]
X-ray kV A, Fuchs [ ] [ ] [ ]
laser A, W T.Lippert [ ] [ ] [ ]
high voltage kV W. Fleischmann [ ] [ ] [ ]
other: Y. Loertscher [ 1] [] [ ]

Other Safety Aspects: | no[x] funcertain| 1 /yes[ ], specify
contact person: Y. Loertscher

I confirm that the information above is correct as well as to respect all safety regulations valid for PSI.

Date: 15.42.19 | E-Mail: zinatulina@jinr.ru Signature: W

Please return this form {include attachments if necessary) not later than 3 weeks prior to the experiment to:
W. Bertl (Ring: High Energy), E. Morenzoni {uSR), J. Schefer (SINQ), M. Wang (SLS)
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2. Introduction

Neutrino nuclear responses are crucial for neutrino studies in nuclei. Neutrino properties, such
as the Majorana nature and the absolute mass scale, can be studied by neutrinoless double
beta decay (Ovg3) [IH5L[7]. This process is usually studied as a two-stage process including the
parent, intermediate and daughter nucleus, with the 3~ and 37 responses as its two branches.
Their detailed studies are necessary in order to access quantitatively the neutrino properties
beyond the standard model using the Ov3f5 experimental data. The nuclear matrix element
(NME) of 0v33, My,, is expressed in terms of the product of 3~ and ST matrix elements
(M(B7) and M (7)) via the neutrino potential [6].

Muon capture can be related to the astroneutrino nucleo-syntheses and astroneutrino nuclear
reactions as well. They are also studied by investigating astroneutrino-nuclear interactions. In
order to do so, one needs nuclear responses for astroneutrinos and astroantineutrinos [1l, 2].
The main target for such measurements is °“Mo.

The search for Ov35 decay has recently been recognized as a top priority in particle and
astroparticle physics by the AstroParticle Physics European Consortium (APPEC) [II]. Ac-
cording to their recommendations, “a dedicated theoretical and experimental effort, in collabo-
ration with the nuclear physics community, is needed to achieve a more accurate determination
of the NMEs. The computation of nuclear matrix elements is challenging and currently is af-
fected by an uncertainty which is typically quantified in a factor of 2-3... An enhanced effort
is required and a stronger interactions between the particle physics and nuclear community
would be highly beneficial. Dedicated experiments may be required.” The search for
OvBB decay is also one of the focus areas of the Low Energy Nuclear Physics subprogram of
the US Department of Energy, whose long range plan [I2] recommends timely development of
a ton-scale Ov 3 decay experiment and suggests vigorous R&D in its support. Several of the
existing and proposed 033 experiments plan to use 3*Xe as the target (see Ref. [13] for a brief
review). nEXO [I4] is one of the proposed next generation experiments. It plans to utilize five
tonnes of liquid xenon (LXe), enriched to 90% in '3¢Xe, in a single-phase liquid time projection
chamber (TPC). At the same time, a European project NEXT [16] is planning to search for
the Ov33 decay of 136Xe using a high-pressure xenon gas (HPXe) TPC. While not as scalable
as liquid TPCs, HPXe TPCs offer better energy resolution and the capability to separate the
two electrons emitted during a OvBS decay. Additionally, another European experiment that
will use LXe, DARWIN [I7], while primarily a direct dark matter search, might also have a
substantial sensitivity to the Ov33 decay due to the large envisioned amount of 136Xe isotope.
Fig. [1| shows the roadmap of leading Ov 33 experiments.

Also huge experimental efforts are now applied towards the ton-scale Ge experiment —
Legend [46]. Its daughter nuclei "%Se has already been measured by our group [45] but for the
better NME calculations addition data would be a great help. The latter fact is also connected
with an absence of coincidence measurements, which nowadays seems feasible to perform.

An open problem in translating the half-life (rate) of O35 decay into the absolute neutrino
mass scale is the potential quenching of the axial-vector coupling constant, g4, in this pro-
cess [19-21]. While it is established that strong quenching is needed to reproduce the rates of
many S and 2v35 decays, one cannot directly compare these processes to the Ov33 decay, due
to the much larger momentum transfer occurring during the latter. Serendipitously, a similar
momentum transfer occurs during ordinary muon capture (OMC) process, making it an ideal
tool to experimentally study this important topic.

OMC (see Fig. is a charge exchange reaction mediated by a W-boson. It involves the
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Figure 1: The roadmap of leading Ov(3 projects. From Ref. [15].

capture of a negative muon by a proton in a target nucleus, resulting in production of a neutron
and a muon neutrino. The response represents the square of the nuclear matrix element, M (),
which is equivalent to the M (S7) side of the My, [33][34]. The unique feature of OMC is the
large energy and momentum transfers, on the order of E=0-50 MeV and p= 20-100 MeV/c,
which are similar to the ones involved in Ov 35 decays and medium-energy supernova neutrinos.
The negative muons are first trapped in an atomic orbit and cascade down to the muon K-

— ~100 MeV

Figure 2: OrvBS and muon charge exchange reaction schemes.

shell. Simultaneously with the muon stop, muonic X-rays are emitted. After that, there are
two paths for the muon, which is either capture by the nucleus or decay to an electron and two
neutrinos. In the first case, prompt y-rays can be emitted. In the second case, a high-energy
electron (Michel electron) is emitted.

In OMC, a well-bound proton in the target nucleus éX is shifted up to a vacant neutron



shell, which results mostly in the excitation of the nucleus é_lY* with the excitation energy FE.

If the excited nucleus is in a bound state, it decays by emitting v-rays to the ground state éle.
On the other hand, if 4_,Y* is unbound, it de-excites by emitting a number () of neutrons.
In the case of medium-heavy nuclei, proton emission is mostly suppressed by the Coulomb
barrier. Finally, the residual nucleus é:ng is obtained. If it is radioactive, we identify it by
measuring characteristic y-rays of the residual nucleus. The number of the emitted neutrons
reflects the excitation energy F, with larger x corresponding to a higher E region.

It should be mentioned that the OMC reaction A(u,v) normally is an order of magnitude
less intense than a similar one followed by the emission of one or more neutrons. As a result,
even a small contamination of the target with heavier isotopes (A+1) or (A+2) could lead to
a parasitic population of the same excited states of the daughter nucleus. Therefore, from the
experimental point of view, it is very important to use isotopically enriched targets without a
significant content of the (A+1) or (A+2) isotopes.

In our previous works we already studied several DBD targets using PSI facilities. Among
them are 4®Ti, Sm and "®Se, °°Cd, 3?Kr coupled with their natural isotop mixtures. The
detailed review of these studies can be found in [45] here we only mention that the results
obtained from these measurements are in a good agreement with theoretical calculations pre-
sented in [44]

We also irradiated °°Mo using the J-PARC D2 beamline [9] and Mo, "*Mo and "*Ru
using the MuSIC beamline [38]. Observations show that most isotopes produced by OMC are
coming from the “one neutron emission” channel, and the measurements can clearly reveal the
mass distribution up to the 5n channel. Using the neutron emission model [31], we can confirm
that the first giant resonance peak is located at 12 MeV and gives a major contribution to the
population of the one neutron channel.

Unfortunately, the parameters of the MuSIC beamline did not allow us to get enough u-
stops in gas targets. Also, for such measurements one needs to use «-y—coincidences to obtain
pure data and pure information for extracting partial capture rates. In order to have enough
statistics with the targets it is required to have ~4-5 days per each target. The limitations of
the MuSIC beamline would not let us have enough time for such data taking. Also, it is not
possible to satisfy mentioned conditions without a good monochromatic beamline with high
intensity and with the setup surrounded by HPGe detectors with a large coverage.

Additionally, last year we were fortunate to be granted two weeks of beam time with the
muX experiment at the 7E1 beam line of PSI, as an Addendum to proposal R-16-01.1 (” Muon
capture on double beta decay nuclei of 13°Xe, 82Kr and 2*Mg to study neutrino nuclear re-
sponses”). It allowed us to take advantage of the existing installations, such as the HPGe
array, autofill and data-acquisition system, and a well-understood beam line.

In the course of the experimental campaign we measured the muonic X-rays and short-
lived «-rays in order to extract absolute lifetimes and partial capture rates needed for NME
calculations. Additionally, the long-lived 7-rays are important for extraction of the radioactive
production rates. The radioactive production rates can then be compared with the proton and
neutron emission model to get/evaluate the neutrino nuclear response giant resonance (GR)
peak. The analysis of the last experiment is ongoing.

In addition the OMC measurements in light nuclei (e.g. in 2*Mg, 32S, 56Fe) enables the
comparison with OMC rates calculated by the nuclear shell model (NSM). In the s-d and p-f
shells the NSM is the most accurate theory framework and well tested two-body interactions
are available for these computations. A systematic experimental and NSM study in the s-d
and p-f shells enables a clean-cut access to the quenching of the axial-vector coupling g4 and



the effective value of the pseudo-scalar coupling gp in light and medium-heavy nuclei. The
quenching of g4 is a big issue for the Ov35 decay experiments, as it can affect severely their
estimated sensitivity and discovery potential.

Due to these reasons, we propose to continue our study with the muon absolute lifetime and
radioactive production rate of OMC on '3Ba, "6Se, %Mo, 109Mo, 32S and °6Fe together with
members of the muX collaboration at the 7E1 beam line of PSI. We would again hope for
the kind help from this group with the existing HPGe detectors, autofill and data-acquisition
system, and a well-understood beam line.

3. Measurement principle

The idea of p-capture experiments is based on a precise measurement of the time and energy
distributions of the y-rays following the p-capture. These distributions provide rich experi-
mental information, all of which serves as a useful input to the 8 NME calculation. The
total muon capture rates of specific isotopes are extracted by analyzing the time distribution
of delayed ~-rays. The measured intensities of the delayed ~-rays give partial muon capture
rates to the bound states. The yields of the short-lived isotopes are obtained using the beam-
off and off-line measurements. An important by-product of the measurements is the uX-rays
data. It helps to identify the type of atoms by which the muons were captured and serves as
a normalization for the total number of stopped muons.

3.1. Experimental method

The target arrangement sketched in Fig. [3| consists of an active muon veto counter system
CO at the entrance of the target enclosure; two thin (0.5 mm) pass-through counters, C1 and
C2; then the actual target area, surrounded by a cup-like counter C3. The target enclosure
is constructed to accommodate both solid and gaseous materials. This arrangement, which
was also used during the 2019 measurement, is foreseen for the *Ba and "*Ba measurements
proposed here as the first step in the experimental program.

The C3 counter together with the pass-through counters is used to define a u-stop trigger,

pstop = COA CLAC2 A C3, (1)

as well as to discriminate against high-energy electrons from muon decayﬂ As it is made of
low-Z material, C3 does not affect the measurement of low energy (20-100 keV) ~-rays by the
external germanium detectors.

The beam momentum and position will be tuned to maximize the intensity of uX-rays from
the target, while minimizing the background from the surrounding material. Under optimal
conditions more than 95% of the data sample should correspond to muons stopped in the
target. Typical fistop Tates during the experiment are between 10* s~ and 4x 10* s7!. The
total acquisition times for the enriched '*Ba and natural Ba targets are proposed to be around
120 A and 100 h each.

! B-decay of the muons stopped in the target area is a background process alternative to OMC. Electrons
emitted have very high energy (up to 50 MeV), disturb operation of Ge detectors, and produce intensive
bremsstrahlung.
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Figure 3: Schematic layout of the ;1 beam line and the target arrangement: the aperture defin-
ing veto-counter (C0), the trigger counters (C1,C2), the target area, the veto counter
(C3) and the HPGe v-detectors around the target area. The target enclosure was
constructed to accommodate solid as well as gaseous materials

3.2. Targets

As was mentioned above, isotopically enriched targets are strongly preferable. On the other
hand, measurements with the natural targets are also important for comparison and identifi-
cation of numerous ~-lines in all measured spectra. Table[1] lists the targets which we propose
to investigate in this first study.

Table 1: Proposed targets to use in the present u-capture experiment in 2020. In the fourth
column the element mass of the target itself is given.

target | enr-ment composition element
136Ba | 95.27% | BaCO3z powder | 2.0 g
natBgy — BaCO3 powder | 2.0 g

3.3. Detection system

The puX- and v-rays following p-capture will be detected with a set of HPGe detectors placed
around the target at a distance of about 10 - 15 cm and integrated into the frame used in
previous muX experiments (see Fig. . This set includes the detectors of following types:

1. Three n-type detectors with thin beryllium entrance windows intended to detect low-
energy photons: 2 detectors from PSI and 1 detector which is being purchased by JINR.

2. Two large volume p-type inverted-coaxial detectors which are able to detect photons
with several MeV energies: one detector provide by the TUM group, another one is
being purchased by JINR.



3. A few relatively large volume p-type BEGe detectors which are still able to measure high
energy gammas will be also provide by the TUM group. These detectors will be very
useful to increase the geometric efficiency of the detection system.

Figure 4: Picture of the germanium array setup as installed in the wE1 area during the
2017/2018 beam time of the muX collaboration. Visible are the germanium detector
array and the liquid nitrogen dewars feeding the automated filling system.

Due to the small lifetime of the muon orbiting a high-Z nucleus of around 80 ns most of
them will not decay through the channel

poo—e +vetuyy, (2)
but are captured by the nucleus and undergo the following semi-leptonic reaction
poAp—=ntuy,. (3)

The neutrons emitted in this process will be one of the main sources of background in these
measurements. Typical average multiplicities of the emitted neutrons for high-Z nuclei are
between one and two and with an exponentially falling energy spectrum and a characteristic
energy constant of around 10 MeV [28]. Additionally, characteristic gammas are emitted after
the capture process depending on the excitation level of the nucleus. With an expected time
resolution of the germanium detector of around 10 ns [26] we will be able to distinguish to a
large extent between prompt X-rays from the muon cascade and delayed neutron and gamma
events from the capture.
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Since, the muon rates at the low energy muon beam line are low enough to not cause any
problems to either type of germanium detectors, we will use both p- and n-type detectors.

3.4. Efficiency and energy calibration measurements

In addition to calibration with standard radioactive sources, several alternative methods will
be used to calibrate the energy and efﬁciencyEl over the full energy range (up to 10 MeV).
Prompt pX-rays from natural gold and lead targets will be measured in several ad-hoc runs,
each lasting a few hours. The branching ratios of these muonic X-ray transitions are well
known [22, 23]. These additional data points extend the measured efficiency all the way up to
6 MeV. Some beam-induced radioactivity, e.g., the 1N 6128.6 keV ~-line, may also work as a
useful high-energy calibration source.

3.5. Data acquisition system

The software and data acquisition (DAQ) system of the muX experiment have been used during
the p-capture measurements in 2019 to collect and analyze the data, in particular the energy
and time of incoming events (muons and gammas). We propose to use the same software and
DAQ system in the present study.

The DAQ system is based on a Struck SIS3316 digitizer module [24]. An image of the module
is shown in Fig. The module features 16 channels, 14-bit resolution, sampling rate of 250

350000000 505 B m cen0cse. .

Figure 5: Image of the 16 channel, 250 MHz, 14 bit digitizer module SIS3316 from Struck [24].

MHz, and a selectable input range of 2 to 5 V. The firmware of the FPGAs allows one to
use the trapezoidal filtering during the pulse height analysis of the HPGe signals. The trigger
timestamps, waveforms, and signals’ pulse heights are streamed over an optical link to disk at
a typical rate of 5 MB/s. The operation and settings of the module are fully integrated into
the MIDAS acquisition system [25], which allows for a robust and reliable data taking.
Signals from all detectors (HPGe detectors, plastic scintillators) are directly fed from the
corresponding preamplifiers to the digitizer. Signals from some of the small HPGe detectors

2Here, and henceforth, the “efficiency” refers to the probability that the whole of the absorption peak will be
contained within the spectrum. The absolute efficiency value would also include the effect of the solid angle.

11



are anticipates to be routed through fast amplifiers in order to better match the dynamic
range of the digitizer. In previous campaigns, the energy resolution of 2.1 keV (2.8 keV) at 1.3
MeV was achieved with 20% (75%) detectors when the beam was off. With the beam on, the
resolution was about 10 to 20% worse.

Usually, signal waveforms are stored only for the HPGe detectors. Trigger timestamps and
signal pulse heights are stored for the muon veto counters. An example HPGe signal waveform
is shown in Fig. [6] While the recorded waveform is not long enough to recalculate the energy,
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Figure 6: Raw preamplifier waveform recorded for the 75% HPGe detector. With a length of
4 ns per tick, the total length of the trace is 1.6 us and the energy of the is pulse
around 230 keV.

which would require storing around 10 us, it allows us to improve the timing resolution by
performing a dedicated pulse shape analysis [26]. Our efforts in that direction show great
promise; especially at low energies, where the on-board timing of the module generally leads
to quite broad time distributions. Above 1 MeV the on-board timing resolution (FWHM) is
on the order of 10 to 20 ns, depending on the detector.

3.6. Off-line measurements

After irradiation, the '36Ba target will be moved to a low background environment. The target
will be placed 4 cm from the HPGe detector’s surface (to reduce pile-ups) and exposed for up to
300 hours in order to detect long-lived activity. The experimental environment for the off-line
measurements and the typical off-line spectrum are shown in Fig.

4. Preliminary/proposed measurements

As mentioned in Sec. [2] during the two week period in October 2019 we conducted, in col-
laboration with the muX experiment group, a test measurement that served several purposes.
Firstly, it allowed us to check how well one can detect and identify the bound states produced
by OMC using the existing setup and DAQ. Secondly, it gave a chance to assess the steps

12
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Figure 7: (a) — sketch of the experimental off-line setup; (b) — off-line spectrum measured with
24Mg in 2019 at PSI (first 1 h exposition after 1.5 h of the beam-stop).

needed to operate the HPGe detectors optimally. Finally, we confirmed that the existing ex-
perimental configuration leads to collecting enough statistics and that all the relevant types
of acquired spectra (muonic X-rays, v-rays following OMC, and ~-rays associated with the
decay if short-lived isotopes) are of good quality. The measurements profited greatly from
the generous lending of the digitizer-based DAQ by the muX experiment that allowed us to
substantially reduce the setup time. Detailed analysis of the acquired data is ongoing, but it
is clear that the test was very successful.

All information from the 7-detectors (on-line measurements) can be divided into two types
— events correlated and uncorrelated in time with the incoming muons. If a signal from the
~v-detector was not preceded within some time window WE| by a muon that stopped in the
target, then the event is considered as Uncorrelated. In previous measurements, we discarded
individual uncorrelated events to save disk space and only recorded their overall energy spec-
trum (the “U-spectrum”). Now, we can profit greatly from the muX data-acquisition system
that allows for a triggerless recording of all individual events, so that the event sorting can be
done off-line.

A typical U-spectrum (Fig. [8) includes 7-lines of natural (*°K, U- and Th-chains) and man-
made (%°Co, 137Cs) backgrounds, as well as beam-induced (n,~)-reactions. The above lines
could be used to calibrate the detectors. The OMC products are frequently unstable, emitting
~-rays as they decay. The intensity of these vy-rays in the U-spectrum allows the yield of the
individual isotopes and isomers to be extracted (the analysis with the Mg, 82Kr, and '30Xe
that were measured at PSI in 2019 is in progress).

Correlated events — those that occur within the time window W immediately after the p-stop
— are more informative. The majority of such events are caused by a cascade of the so-called
muonic X-rays (uX) — high energy photons emitted by a muonic atom during its transition to

3The duration of W should be set at a level of few microseconds depending on the expected muon life time in
the given target.

13
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Figure 8: An example U-spectrum measured in 2004 with a HPGe detector and the "5Se target
at uE4 in PSL. Some of the 7-lines follow decays of the OMC products — “4™As, ™ As,
"6 As [45].

the 1s-state from a Rydberg state. The de-excitation process takes place within picoseconds —
negligible for this measurement — meaning that uX-ray can be considered Prompt radiation.

As each p-stop in a target is followed by characteristic uX-rays, the intensity of each spectral
line reflects the number of u-stops in the corresponding isotope. Therefore, 41X spectra can be
used to normalize any measurement to the number of stopped muons.

In addition to these prompt events, Delayed correlated events correspond to the nuclear
~ radiation following muon capture in the (4=, v xn) reactions. This particular radiation is
the main subject of our work. The preliminary prompt and delayed energy spectra from the
magnesium target measured in 2019 at the 7E1 line in PSI are shown in Fig. [0

The OMC probability depends on the balance of muon decay vs. muon capture on a partic-
ular target nucleus. As a result, measuring the exponential time evolution of delayed ~-lines
of OMC products (see Fig. makes it possible to determine the OMC probability by a ded-
icated method described in [27, 45] (contrary to the commonly used method, which is based
on the detection of p-decay electrons [I0]). The preliminary results of the extracted muon
life-time in 2#Mg is shown in Fig. [11] (using code of S.M. Vogiatzi).

The relative intensity of the delayed lines (with respect to the uX-rays) allows the extraction
of partial capture rates to the individual excited states of the daughter nucleus. In order to
simplify the ~-line identification, the Prompt and Delayed spectra shown in Fig. [J] could be
partially separated from each other using different time cuts. The partial probabilities and final
total capture rates for 13°Ba and "*Ba will be obtained using the method described in [45].
As an example, the previous experimental results at PSI are also presented in Appendix [A]

The strength distribution will be determined based on the isotope production rate extracted
from the off-line measurements (see, as an example, Appendix . The calculation program for
the proton and neutron decays after OMC has been developed by I.H.Hashim, S.A.Hamzah,
F.Othman and H.Ejiri (see [, 9]).

14



108

[ TTTITm

107

T TTTI

o,
@

Number of Entries

10°

TTTT
=7
=
;g s
=_

1 05 3 b i
v ST A S

s Delayed

= / A /\»N/\fLN\Nf
= K(np-1s) wbwwwm
10° =
B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000
Energy

Figure 9: Correlated Prompt (blue) and Delayed (red) spectra measured with the enriched
24Mg target. Some of the identified ~ transitions are indicated [4I]. The uX-rays
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5. Schedule & beam request

The estimated running time for the p-capture measurements with '*Ba and "%Ba is shown in
the Table [2l For 2020 we thus request three weeks of beam time in the 7E1 area, preferably in
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Figure 11: Time evolution of the spectrum fragment — the 2390.6 keV ~-line following OMC in
24Mg. Violet curve — an integral of the central part of the fragment (the line itself,
plus the background under it); red curve — an area of the background around the
line; blue curve — an integral of the ~-line fitted with a five parameter Gaussian,
one for each time slice.

Table 2: Estimated time for target irradiation and data taking.

Activity Estimated time
Beam tuning,
detector settings 1 week
and adjustments
Data taking for 13°Ba 1 week
Data taking for "*Ba 1 week
off-line measurements 2 weeks

October, due to the availability of the loaned HPGe detectors and other commitments of the
involved personnel.

6. Milestones

The project naturally features three major milestones and is expected to lead to the corre-
sponding publications:

e Measurement of total muon capture rates in the isotopically enriched ®%Ba, "Se and
different isotopes in "*Ba and "%Se. For these results a publication in Nucl.Phys. A
journal is foreseen.
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e Extraction of the partial muon capture rates to the bound states in '36Cs following
OMC in '¥%Ba. Comparison with the calculated nuclear matrix elements (by J. Suhonen
theoretical group). For that part of the results a publication in a high-impact journal,
such as Phys. Rev. C., is anticipated.

e The radioactive production rates will be compared with the proton and neutron emis-
sion model to get/evaluate the muon-capture strength function and the associated giant
resonance (GR) peak. These results will be compared with the recent theoretical results
of Refs. [43] [44]. Separate publications, in either Nucl. Phys. A or Phys. Rev. C, are
expected for these theory/experiment comparisons.

e The case of the astroneutrino studies with 1Mo would be also submitted to the PRC-like
journal.

e Asfor g4, publication will be strongly determined by the obtained results, since the value
of this form-factor is crucial for all of the DBD experiments.

In the below Table [3| the following targets and assumed time for the present proposal are
presented:

Table 3: Proposed future plans with solid targets using in the u-capture experiment.

target | enr-ment main purpose year
136Ba | 95.27% | partial cap.rates for NME for DBD 2020
natpBa, - identification for enriched Ba 2020
10Mo | 99.8% astroneutrinos 2020-2021
%Mo | 99.78% | partial cap.rates for NME for DBD 2021
nat\o - identification for enriched Mo 2021
76Se 99.7% | partial cap.rates for NME for DBD | 2020-2021
0Ca | 99.81% testing SM and pnQRPA 2022
56Fe 99.9% testing SM and pnQRPA 2022
329 99.95% testing SM and pnQRPA 2022

7. Safety

The detector setup is shared with the muX experiment and will include the loaned detectors.
The operation of the HPGe and scintillator detectors includes the use of high-voltage and liquid-
nitrogen cooling, for which standard safety procedures are followed. Also, we are planning to
use the already developed, automatic liquid-nitrogen filling system of the muX experiment,
which works reliably since the summer of 2017. We are not going to use any radioactive
material beyond the standard  calibration sources that are available at PSI.

8. Funding

A funding for the costs to buying HP Ge detectors, natural abundance Ba, target modernization,
other necessary equipment, shipping the equipment to PSI (according to the existing MOU
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No. 1-101 between JINR and PSI), expenses and accommodation for the Russian group will
be covered by JINR.

The cost of ¥5Ba, as well as Dr. Ostrovskiy’s travel and accommodation expenses, are
covered by a US Department of Energy Grant No. DE-SC0019261.

The travel costs and accommodation expenses for the others collaborators are covered by
their institutes.

We request from PSI the necessary support for the installation and the running of the beam
line (power, vacuum pumps, liquid nitrogen, standard sources for the calibration, manpower
for the setup) and radiochemistry group support for the off-line measurements.

9. Importance and impact

The proposed experiment unravels the gross features of weak responses (81 strength distribu-
tions) with J™ = 0%, 1%, 2% .. and p=30-100 MeV/c in E = 0-70 MeV for isotopes of *6Ba,
which is the daughter nucleus of the DBD nuclei of 13Xe. Tt is used to get and/or evaluate
the Ov33 responses (|Mo,|?) and astro-v responses for medium heavy nuclei.

The present project is also extended to other DBD nuclei in the atomic mass number (A)
region between 70 to 140. The gross features of the weak strength depend smoothly on the
mass number. The B responses derived from the p capture reactions, together with the v
responses derived from (®He,t) charge exchange reaction and the nucleosynthesis responses
by photonuclear reactions, provide valuable information for v responses, which are required to
study fundamental v properties and astro-v weak interactions in nuclei. Theoretical evaluations
of the relative and absolute responses are under progress in collaboration with the Jyvéaskyla
group. It should be mentioned that recent results with calculations for the "Se nicely agrees
with experimental one (see [44] and Appendix [A)).

The measurements proposed here will allow one to determine the total u-capture rates in
different isotopes of Ba, as well as, for the first time, the yields of the isotopes/isomers produced
after OMC. The future extraction of the partial p-capture probabilities (rates) to the bound
states in ®Cs will be based on these results. Related to this, important information about the
weak coupling constants and nuclear-theory aspects will be obtained from the muon-capture
strength function and the associated giant resonance [43] when compared with the presently
available [44] and future calculations of the strength functions. In this way the partial y-capture
rates results will be an important contribution to a more accurate theoretical evaluations of
the Ov35 NMEs.

As a by-product, the muonic X-rays spectra obtained in the measurements will be added to
the Mesoroentgen electronic catalogue [36], which was created by our group and serves other
experimental groups connected with muon physics.
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A. Muon capture on "*Se/"*Se at the yE4 beam-line of
PSI [39, 45]

The targets for these measurements were made from 5 g metallic selenium powder in a thin
plastic bag. Isotopic composition of the enriched target was the following: "*Se — 0.07%, "6Se —
92.4%, "Se — 1.17%, "8Se — 2.28%, 80Se - 3.44%, %2Se — 0.64%. Measurements with a natural
selenium target were also performed. The number of muon stops in the experiment with the
enriched target was about 1.7-10* s~! and the exposure time was 154 h. The number of stops
with the natural selenium target was about 2.5-10% s~!, total acquisition time for the spectra
was 43 h.

The ~-lines stemming from prompt and delayed events, where the delayed events correspond
to the discharge of the bound states of "®As, were investigated for the enriched and natural
targets. The intensities of v transitions in U-spectra could be use to extract the production
rate of the ground and isomeric states for the (“°Se + p~) reaction.

The measured p-capture rates in different Se isotopes are shown in Fig. The curves in
the Figure are divided into two parts: the v-lines corresponding to the enriched target 76Se,
and the v-lines measured with the "*Se target. The exponential behaviour of the first part
with the same 7 parameter is clearly seen. The ~-lines corresponding to other isotopes have a
different slope and also demonstrate the deviation at the beginning of time axis, according to
the charge collection in the low energy region. Extracted life-times and p-capture rates Acqp
in different selenium nuclei are presented in Table 4| and in [35] [45].
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Table 4: Muon life-time and total capture

tes of 763 d "atSe.
rates o ¢an ¢ Figure 12: Evolution of ~-lines intensity with

time after u-stop in Se targets.

Partial capture probabilities for the "6Se(y,/)" As reaction are presented in Table

The obtained results of the U-spectrum are presented in Table [f] In the case where the
half-life of the decaying nucleus is comparable with the exposure time (154 h), the value of the
yield is corrected for the decay. The extracted probability P/, of the bound states of "0As is
in good agreement with the sum of the corresponding partial capture probabilities presented
in Table [5 According to [40] it is expected that the 75 As is produced with the highest yield
since a reaction with an emission of one neutron is the most probable. Yields of other nuclei
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decrease with the number of nucleons emitted. Unfortunately, "®As is a stable nucleus thus
it does not reveal itself in the U-spectrum. The same could be said about ">As which is too
long-living.

Table 5: Partial OMC probabilities to different excited states of "®As. There are three separate
tables side by side listing the excitation energies (columns one) and the J™ values
(columns two). Most of the excitation energies and J™ values are taken from Ref. [41].
The values in square brackets [ | are from [42]. Partial capture probabilities P!
(columns three) as percentages of the total capture rate Aeqp taken from Table 4 The
partial capture probabilities integrated over the excitation region of ~ 1 MeV (bottom
row) amounts to =~ 12% of the total rate Acqp.

E; JT P E, JT P E, JT P!
[keV] (%] || [keV] (7] || [keV] (%]
00 | 2 gs. ||499.6] [17,27]0.99(36) || 8024 [(1-,27,3T)| 0.17(10)
1203 1t [0.32(12)]505.2| (2,3)T | 0.25(6) || 863.3 1+ 0.27(20)
1222 (1)~ [0.21(11) [ 517.6| (1,2+) |0.24(11)| 893.2 | (1~,27,3F)|  0.23(10)
165.0| (3)~ [0.54(31)(544.0| (2,3) |0.39(24)|| 924.7 | (< 3)~ 0.24(10)
203.5| (0,1)T | 0.08(4) |610.0| (1,2,37) [0.68(20)| 939.7 | (1,2,3) 0.33(25)
280.3| (1,2)* | 0.11(5) ||640.1{ (17,27) | 0.18(9) || 958.4 <3 0.13(8)
292.6 | (2,3,4)~ | 0.05(1) ||669.1| (17,2%) |0.64(20) || 985.5 | (1,2,3)* 0.21(12)
328.5| (3,4)~ | 0.09(4) ||681.1| (1—4) [0.33(10) | 1026.2| [1+,37] 0.96(24)
352.4| (3)" | 0.05(2) |[734.4| (< 4)~ | 0.08(4) |[1034.2| (1,2,3)F 0.13(8)
401.8| (1,2)* |0.41(26)|[751.8| (0~,1,2) |0.37(19) | 1064.5 1+ 0.23(15)
436.8|(1,2,3)|0.28(13) | 756.6 | (0F,3%) |0.26(10)

447.2| (1,2)" |0.46(23)||774.4| [1F,3%] 0.23(11)

471.0| (2)~ | 0.05(4) |[793.6(1,2,3)" [0.20(15) ST =11.99(105)

The comparison of the partial p-capture probabilities on the bound states in "®As with
theoretical calculations presented in [44] is shown in Table m The agreement between the
experimental results and theoretical calculations is clearly seen.
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Table 6: The total capture rates to all bound states A, and the probabilities P/, of iso-
topes/isomers in the p - capture by "5Se. Column one: isotopes/isomers produced in
p-capture reaction; column two: decay type of isotope/isomers; column three: life-
time of the isotopes/isomers; column four: total capture rates to all bound states Af.,
of isotopes/isomers; column five: the probabilities P/, as percentages of capture rate

Acap-
Isotope | Decay type Ty s AL (100571 P,
T0As B 26.3 h 0.86(3) 13.65(255)
smAg IT 17.6 ms 0.41(7) 6.5(11)
5 As stable unmeasured
TAs B, EC 17.8d 1L1(2) | 17.5(32)
S As EC 80.3 d unmeasured
2As B 26 h 0.15(3) 2.4(5)
TAs Bt 65.3h | 0.061(18) 0.96(28)
mGe IT 48 s 0.047(13) 0.75(21)
Ge B 82.8 min | 0.054(2) 0.86(3)
mGe IT 20 ms 0.020(3) 0.32(5)
"Ga B 8.1 min | 0.026(6) 0.40(9)
2Ga B~ 14.1 h 0.026(7) 0.40(11)
S =43.7(43)

Table 7: The “most probable” experimental OMC trength distribution below 1.1 MeV in
76 As [45] compared with the corresponding pnQRPA-computed distribution [44]. ‘g.s.’
means transitions to the ground state that could not be measured.

OMC rate (1/s)

JT Exp. pnQRPA
0F 5120 414
1+ 218 240 236 595
1~ 31 360 28 991
2" 120 960 114 016
27 1 145920 4 g.s. | 177 802
3t 60 160 55 355
3~ 53 120 34 836
4+ - 2797
4= 30 080 23 897

B. Muon capture on "’"Mo at J-PARC, MLF [9]

Two enriched Mo targets, each with 5 cm x 5 cm and 80 mg/cm?, were irradiated for 6 hours
by the intense p beams from J-PARC, MLF [31]. The total number of stopped us is around
108. The delayed y-rays from RIs produced by (u~,vXn) reactions were measured by two Ge
detectors. The measured prompt v-ray and uX-ray spectrum in online measurement is shown
in Figure 3a. Figure 3b indicates delayed ~-ray spectrum when the beam is turned off. Six Nb
isomers are observed from A=100 to A=95 with different lifetimes.
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Prominent y-ray peaks at 140.5 keV, 181 keV and 735 keV are coming from *"Tc. Other ~y
peaks observed at 722 keV and 787 keV from “®Nb, 658 keV from ?“Nb and 460 keV, 569keV
and 778 keV from *Nb. We compare the observed RI mass distribution for OMC on %Mo
with the calculation based on the strength distribution and the EQ/PEQ neutron emission
model. The obtained RI mass distribution is compared with the observed one in Figure 4. The
agreement with the observed data is quite good where x? is 0.06.
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Figure 13: Gamma ray spectra from OMC on '®Mo. (a) On-line spectrum for the prompt
~-rays and delayed ones from short-lived Rls. (b) Off-line spectrum for the delayed
~-rays from long-lived Rls.

The strength distribution obtained from the mass distribution reproduced by the neutron
emission model gives two main giant resonance peaks; Fg1 and Ego. The parameters used
for the calculation are Eg1=12 MeV and Eg;o=30 MeV with I'y and I's;=8 MeV, and the
cross section ratio is o1/02=1/6 shown in Figure The first GR corresponds to the large
population of the mass A —1 with =1 neutron emission, while the second GR match with the
population of the RIs with the mass around A — 3 and A — 4 with £=3-4 neutron emission.

The OMC GR may be compared with the photon capture reaction giant resonance (PCR
GR). The energy of 12 MeV is a bit smaller than the PCR GR energy of 14 MeV, but the
width of 8 MeV is much larger than the width of 5 MeV for PCR GR. OMC GR consists
of mixed components of J™=17, 1%, 27,... while PCR GR is only limited to component of
JT=1". A state-of-the-art computation of this OMC GR, and the OMC strength function in
general, was done in [43]. The agreement between the measured and computed OMC strength
functions, including the location of the GR, was striking (see Fig. . This lays a solid
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containing the main contributing multipolarities.

basis for comparison of the experimental and theoretical strength functions in the future work
included in this proposal.
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