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Soyez le bienvenue!

The Institut Laue-Langevin (ILL) and the Laboratoire de Physique Sub-
atomique et de Cosmologie (LPSC) would like to welcome you to our
international workshop on "Particle Physics at Neutron Sources", the next
in a decennial series of particle physics workshops held at the ILL.

Contributions were requested to highlight experimental and theoretical de-
velopments on properties of the neutron, fundamental symmetries and inter-
actions, hadronic parity violation, the search for eV-neutrinos, gravity tests
in the quantum regime, and new techniques and ideas. The overwhelming
response of more than 150 registrations and 100 abstract submissions is
a testament to the strength and enthusiasm of our community. The high
quality of submitted abstracts made it very challenging to select a scientific
program that at once represents the full scope of our fields, and obeys the
constraints of time and venue; the organizers were forced to make some
extremely difficult choices, and are grateful to all participants for their un-
derstanding. To accommodate the increased capacity, the LPSC kindly
agreed to host the workshop for the very first time.

The workshop will consist of invited review talks introducing these topics,
contributed talks, and a poster session. Contributions will be published as
peer-reviewed articles in EPJ Web of Conferences. We are looking forward
to many engaging presentations and lively scientific discussions!

Welcome to Grenoble!
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Practical Details

Below is a brief overview of logistical details at the workshop. Apart from
the welcome reception on the evening of Wednesday May 24th, the ma-
jority of workshop events will take place at the Laboratoire de Physique
Subatomique et Cosmologie (LPSC). This is approximately a 500 meter
walk from the ILL. Maps and plans of all relevant locations are given be-
low, in addition to a more detailed program.

Date Time What Where
23.05. 17.00 - 20.00h Registration and

Welcome Party
ILL Restaurant

24.05. 8.00 - 8.40h Registration LPSC main building
8.40 - 12.50h Lecture Sessions LPSC main building
12.50 - 14.20h Lunch H2 restaurant
14.20 - 18.10h Lecture and Poster

Sessions
LPSC main building

19.00 - 22.00h Workshop Dinner Chateau de la Com-
manderie

25.05. 8.00 - 13.00h Lecture Sessions LPSC main building
. 13.00 - 14.30h Lunch H2 Restaurant

14.30 - 18.40h Lecture and Poster
Sessions

LPSC main building

26.05. 8.00 - 12.35h Lecture and Poster
Sessions

LPSC main building

12.35 - 14.30h Lunch ILL Restaurant
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How to come to LPSC and ILL

By Public transport from downtown Grenoble

The easiest way to come to LPSC and ILL is by the new tram line B, which
is now running between Grenoble town centre, the main railway station, and
its terminus called ”Grenoble Presqu’ile”. This station is only 350 m from
the LPSC and ILL site entrances. Trams run 7 days a week, from approx.
05.00 to 01.00. Tickets can be purchased at ticket machines at the tram
stop, credit cards are accepted.

By Car.

The ILL and LPSC site are easily reached by car using the motorway con-
nections. When coming from Geneva, Chambery or Turin on the A41
motorway, follow the signs for the ”Rocade Sud/N87” (the Grenoble
ringroad) direction "Lyon". This will take you on to the A480. Continue
on the A480 in the direction of ”Lyon”. Leave the A480 at exit Nr. 1
for the ”Polygone Scientifique”. At the roundabout turn right. The
entrance to the site will then appear on your right after several hundred
meters.

When coming from Lyon or Valence, stay on the A48 when approach-
ing Grenoble, following signs for ”Grenoble Bastille-Gares-Europole”.
Leave the A48 at exit Nr16 ("Polygone Scientifique") and cross the
suspension bridge over the Isére. At the end of the bridge filter right and
turn right, heading north along the Rue des Martyrs (D531). The LPSC
and ILL site entrances are on the left after a few hundred meters (traffic
lights).

Arriving by plane.

Lyon International Airport

Lyon International Airport, Saint-Exupery Airport, is the most convenient
airport to reach Grenoble. For more information, visit the Lyon Saint-
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Map showing how to travel by car to ILL/LPSC
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Exupery website (https://www.lyonaeroports.com). Lyon Saint-Exupery
Airport is a one-hour drive from Grenoble and regular shuttle buses (”Navette
Aéroport”) operate to and from Grenoble downtown bus station (station
”Gare Routiére”) or to the Polygone Scientifique close to the LPSC/ILL
(station ”Presqu’ile”). The bus is now run by the OUIBUS company. You
can book seats via OUIBUS (https://www.ouibus.com, according apps
for IOS and Android exist).
The bus will stop near the ESRF/ILL/EMBL site on request, so that you
do not have to go as far as the bus station (station ”Presqu’ile” sometimes
also called ”Place de la Resistance”). You must tell the bus driver when
boarding at the airport that you want to be dropped off at ”Presquile -
Résistance”. Otherwise, despite it being an official stop, the driver may
not stop! You are less than 10 minutes walk from the EPN Campus.
On your way back to the airport, be sure to use the bus stop near the
roundabout on the ”Pont d’Oxford” side of the road from where you got
off.

Geneva International Airport

Geneva International Airport is a two-hour drive from the EPN campus.
Bus and train connections to Grenoble exist but are not very frequent. Visit
Geneva International Airport website for more details (https://www.gva.
ch). A shuttle bus service runs between Geneva International Airport and
Grenoble bus station also operated by OUIBUS (https://www.ouibus.
com). Buses run 6 times a day. Reservation is recommended.

Others

For Taxi Grenoble, please call +33(0)476 544 254 or reserve online at
www.taxi-grenoble.fr.
To hire a bicycle from the station, please visit www.metrovelo.fr.
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Overview on the relevant buildings on the Polygon Scienti�que. Note that due to recent

construction work this picture is slightly outdated.
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ATM machines

Unfortunatelly there is no close ATM machine close to the ILL or the
LPSC. We therefore recommend you on arrival to use machines on the
airport, railway station or downtown Grenoble.

Access rules at LPSC and ILL

Please read the instructions below carefully. Due to security measures im-
posed by the French government, the access procedures may have changed
since your last visit.

Arrival Wednesday May 23rd: Please bring your passport to the ILL
main entrance to receive an ILL access badge valid for three days. You
can then enter the EPN site and go directly to the ILL restaurant for reg-
istration and the welcome reception. You will receive an access badge for
the LPSC with your registration package. Note that the EPN campus is
accessible by car.

Arrival Thursday May 24th: Please bring your passport to the LPSC
main entrance to receive an access badge for the LPSC site. You can
then enter the site and proceed directly to the workshop sessions in the
LPSC main building. Note that the LPSC site cannot be entered with a car.

Venue: Plenary talks will take place in the amphitheater on the first
floor (above the ground) of the LPSC main building, directly in front of
the main entrance. Poster sessions will be held in a room next to this
amphitheater, and coffee breaks will be in the ground-floor cafeteria of the
same building. Lunch on Thursday and Friday will take place at the H2
restaurant adjacent to the LPSC site, and lunch on Saturday will be held
at the ILL restaurant after the final session of talks.

Special note about LPSC opening hours: Please note that regular
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opening hours at the LPSC are Monday-Friday from 7h00-14h30, and Sat-
urday from 7h30-13h00. During these times, you can enter the main gate
by showing your access badge. Since the workshop extends past the usual
opening hours, please make every effort to arrive during these times. It
is always possible to leave the site without restriction, but out-of-hours
re-entry cannot be guaranteed

WIFI

Internet access is available inside the entire building and partly in its vicinity
via the conference wifi and via eduroam. Access to the conference wifi is
possible by a single common password. Additionally at both institutes a
EDUROAM wifi is running.

Presentation system

The LPSC amphitheater is equipped with a Windows and a macOS com-
puter. In addition, a portable head microphone and laser pointer are avail-
able. It is not possible to connect your own computer. Please upload
your slides to the Indico system as described below. You are also encour-
aged to bring your presentation as backup on a USB drive.

To upload your presentation please go to the conference web page https:
//indico.ill.fr/indico/event/87/. First log in to your account,
then go time table and choose ”Detailed view”. You should find your
presentation in the time line.
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Click on it and you will see a popup with ”Detail view, Material, Export”

Click on ”Material” and start the upload procedure. You can grand public
access to your slides or protect your contribution via a password.
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Publication of Conference Proceedings

Proceedings of the workshop will be published as peer-reviewed articles in
EPJ Web of Conferences (lhttps://www.epj-conferences.org/). All
presenters of oral and poster contributions will have the opportunity to
submit a manuscript of at most five pages in length. For the purpose
of introducing the various topics covered in our workshops, invited speak-
ers may submit up to eight pages. The submission deadline will be the
30th of September 2018. Detailed guidelines will follow shortly after the
conference.
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Program

Wednesday 23. May

17:00 - 20:00 Welcome Party and Registration at ILL Cafeteria/Restaurant

Thursday 24. May
8:00 - 8:40 Registration
8:40 - 9:00 Welcome
Session Chair: P. Geltenbort
9:00 - 9:40 35’+5’ Beyond Standard Model searches in sys-

tems with light and heavy quarks
M. GONZALEZ-
ALONSO

ND19:40 - 10:05 20’+5’ Status of UCNτ Experiment R. PATTIE
10:05 - 10:30 20’+5’ Neutron lifetime measurements with the

big gravitational trap for ultracold neu-
trons

A. SEREBROV

10:30 - 11:00 Coffee
Session Chair: V. Nesvizhevsky
11:00 - 11:20 15’+5’ Progress on the BL2 beam measurement

of the neutron lifetime
S. HOOGERHEIDE

ND2

11:20 - 11:40 15’+5’ Precise Neutron Lifetime Measurement
Using Pulsed Neutron Beams at J-PARC

N. NAGAKURA

11:40 - 12:00 15’+5’ Precision Measurement of the Radiative
Decay of the Free Neutron

M. DEWEY

12:00 - 12:25 20’+5’ Result for the Neutron β-Asymmetry Pa-
rameter A from the UCNA Experiment

B. PLASTER

12:25 - 12:50 20’+5’ Measurement of the Beta Asymmetry with
Perkeo III

H. SAUL

12:50 - 14:20 Lunch at Restaurant H2
Session Chair: T. Soldner
14:20 - 14:45 20’+5’ aCORN: Measuring the electron-

antineutrino correlation in neutron beta
decay

F. WIETFELDT

ND3

14:45 - 15:05 15’+5’ The Nab Experiment: A Precision Mea-
surement of Unpolarized Neutron Beta
Decay

J. FRY

15:05 - 15:20 12’+3’ Status of the PERC instrument to investi-
gate the weak interaction

B. MÄRKISCH

15:20 - 15:45 20’+5’ Discrete Symmetry Violation in Neutron-
induced Compound States for New
Physics Search

H. SHIMIZU

15:45 - 16:05 15’+5’ The aspect experiment C. SCHMIDT
16:05 - 17:30 Poster/Coffee
17:30 -18:10 40’ Celebrating the 50th anniversary of the

ultra-cold neutron
H. ABELE UCN

19:00 - 22:00 Dinner at Chateau de la Commanderie
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Friday 25. May
Session Chair: T. Jenke
8:00 - 8:40 35’+5’ Detecting Dark Energy; From Cosmology

to The Laboratory
C. BURRAGE

BSM

8:40 - 9:00 15’+5’ Dark Side of the Neutron? B. FORNAL
9:00 - 9:20 15’+5’ Possible neutron decay to dark fermion

and impact on neutron star properties
D. BECK

9:20 - 9:45 20’+5’ Testing gravity at short distances - results
from the qBounce collaboration

G. CRONENBERG

9:45 - 10:10 20’+5’ A Search for deviations from the inverse
square law of gravity at nm range using a
pulsed neutron beam.

C. HADDOCK

10:10 - 10:40 Coffee
Session Chair: D. Rebreyend
10:40 - 11:20 35’+5’ Probing symmetry violations with neu-

trons.
V. CIRIGLIANO

EDM1

11:20 - 11:50 25’+5’ Towards a new measurement of the neu-
tron electric dipole moment at the Paul
Scherrer Institute.

S. ROCCIA

11:50 - 12:05 12’+3’ A Neutron EDM Experiment at the LANL
UCN Source.

S. CLAYTON

12:05 - 12:20 12’+3’ First UCN production in Canada. R. PICKER
12:20 - 12:35 12’+3’ The search for a neutron EDM at the Spal-

lation Neutron Source,Oak Ridge National
Laboratory , USA.

K. LEUNG

12:35 - 12:55 15’+5’ A novel neutron EDM search using a
pulsed beam.

F. PIEGSA

13:00 - 14:30 Lunch at H2 Restaurant
Session Chair: S. Degenkolb
14:30 - 14:50 15’+5’ A new limit of the 129Xenon Electric

Dipole Moment.
U. SCHMIDT

EDM2

14:50 - 15:10 15’+5’ Indirect bounds on CP-violating dipole mo-
ments of heavy fermions.

E. PASSEMAR

15:10 - 15:30 15’+5’ Neutron-Antineutron Transformation at
the Deep Underground Neutrino Experi-
ment.

J. BARROW

15:30 - 15:50 15’+5’ Prospects and progress towards new exper-
imental searches for neutron-antineutron
oscillations and related probes for new
physics.

A. YOUNG

15:50 - 17:30 Poster/Coffee
Session Chair: O. Zimmer
17:30 - 17:50 15’+5’ NN Parity Violation Landscape and the

ESS.
W. SNOW

NU117:50 - 18:10 15’+5’ Probing the Hadronic Weak Interaction
with the NPDGamma experiment.

N. FOMIN

18:10 - 18:40 15’+5’ Neutron Spin Rotation Measurements by
the NSR Collaboration.

M. SARSOUR
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Saturday 26. May
Session Chair: A. Stutz
8:00 - 8:40 35’+5’ Status of eV Sterile Neutrinos C. GIUNTI

SN1

8:40 - 9:00 15’+5’ Searches for sterile neutrinos at the
DANSS experiment

N. SKROBOVA

9:00 - 9:20 15’+5’ Search for sterile neutrinos with STEREO A. LETOURNEAU
9:20 - 9:40 15’+5’ Current Results of NEUTRINO-4 Experi-

ment with full -scale detector
R. SAMOILOV

9:40 - 9:55 12’+3’ Performance of the SoLid Reactor Neu-
trino Detector

M. VERSTRAETEN

9:55 - 10:10 12’+3’ PROSPECT, a Precision Reactor Oscilla-
tion and SPECTrum Short-Baseline Anti-
neutrino Experiment

J. DONALD

10:10 - 10:40 Poster/Coffee
Session Chair: M. Jentschel
10:40 - 11:20 35’+5’ Quantum test of the principle of equiva-

lence on ground and in space
E. RASEL

NO111:20 - 11:45 20’+5’ Overview of Neutron Interferometry at
NIST

M. HUBER

11:45 - 12:10 20’+5’ Weak Measurements and Weak Values
studied in Neutron Interferometry

S. SPONAR

12:10 - 12:35 20’+5’ Three Phase-Grating Moire Interferometer D. PUSHIN
12:35 - 14:00 Lunch at ILL Restaurant
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Abstracts
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PPNS 2018 Grenoble Beyond Standard Model searches in systems with light . . .

Beyond Standard Model searches in systems with light
and heavy quarks

I will discuss what kind of new phenomena can be probed through precision measurements
in nuclear and neutron beta decays. Using a model-independent description I will review the
interplay between the different experiments and which ones are the most sensitive and promising.
I will discuss the synergy with searches at high-energy colliders, such as the LHC, and with
other electroweak precision observables. Finally I will discuss the interplay with heavy quark
decays.

Primary author(s) : Dr. GONZALEZ-ALONSO, Martin (CERN)

Presenter(s) : Dr. GONZALEZ-ALONSO, Martin (CERN)
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PPNS 2018 Grenoble Status of the UCNτ Experiment

Status of the UCNτ Experiment

The neutron is the simplest nuclear system that can be used to probe the structure of the
weak interaction and search for physics Beyond the Standard Model. Measurements of neutron
lifetime and β-decay correlation coefficients with precisions of 0.02% and 0.1%, respectively,
would allow for stringent constraints on new physics. The UCNτ experiment uses an asymmetric
magneto-gravitational UCN trap with in situ counting of surviving neutrons to measure the
neutron lifetime, τn=877.7(0.7) (stat: 0.3 sys: 0.1 )s. I will discuss the recent result from UCNτ ,
the status of ongoing data collection and analysis, and the path toward a 0.2 s measurement of
the neutron lifetime with UCNτ .

Primary author(s) : Dr. PATTIE, Robert (Los Alamos National Lab)

Presenter(s) : Dr. PATTIE, Robert (Los Alamos National Lab)
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PPNS 2018 Grenoble Neutron lifetime measurements with the big gravitatio� . . .

Neutron lifetime measurements with the big
gravitational trap for ultracold neutrons

Neutron lifetime is one of the most important physical constants which determines parameters
of the weak interaction and predictions of primordial nucleosynthesis theory. There remains the
unsolved problem of a 3.9σ discrepancy between measurements of this lifetime using neutrons in
beams and those with stored neutrons (UCN). In our experiment we measure the lifetime of
neutrons trapped by Earth’s gravity in an open-topped vessel. Two configurations of the trap
geometry are used to change the mean frequency of UCN collisions with the surfaces – this is
achieved by plunging an additional surface into the trap without breaking the vacuum. The trap
walls are coated with a hydrogen-less fluorine-containing polymer to reduce losses of UCN. The
stability of this coating to multiple thermal cycles between 80 K and 300 K was tested. At 80 K,
the probability of UCN loss due to collisions with the trap walls is just 1.5% of the probability
of beta-decay. The result of these measurements is τn = 881.5 ± 0.7stat ± 0.6syst˜s which is
consistent with the conventional value of 880.2± 1.0˜s presented by the Particle Data Group.

Primary author(s) : SEREBROV, Anatolii Pavlovich (PNPI NRC KI Gatchina)

Co-author(s) : CHAIKOVSKII, Mikhail (PNPI NRC KI Gatchina); GELTENBORT, Peter
(Institut Laue-Langevin); FOMINE, Alexey (PNPI NRC KI Gatchina); CHECHKIN, Anton
(Petersburg Nuclear Physics Institute); ZIMMER, Oliver (Institut Laue-Langevin); JENKE, Tobias
(Institut Laue-Langevin); KOLOMENSKIY, Evady (PNPI NRC KI Gatchina); IVANOV, Sergey
(PNPI NRC KI Gatchina); KRASNOSHCHEKOVA, Irina (PNPI NRC KI); VASSILJEV, Anatoli
(PNPI NRC KI Gatchina); PIROZHKOV, Alexander (PNPI NRC KI Gatchina); VAN DER
GRINTEN, Maurits (RAL); TUCKER, Mark (RAL); PRUDNIKOV, Dmitrii (PNPI NRC KI
Gatchina); VARLAMOV, Vladimir (PNPI NRC KI Gatchina); SHOKA, Igor (PNPI NRC KI
Gatchina)

Presenter(s) : SEREBROV, Anatolii Pavlovich (PNPI NRC KI Gatchina)
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PPNS 2018 Grenoble Progress on the BL2 beam measurement of the neutron . . .

Progress on the BL2 beam measurement of the
neutron lifetime

Neutron beta decay is the simplest example of nuclear beta decay. Precise measurements of
the neutron lifetime and λ, the ratio of axial vector and vector coupling constants, allow for
a determination of the CKM matrix element Vud that is free from nuclear structure effects.
This is an important test of unitarity and consistency within the Standard Model. The neutron
lifetime is also an important factor in the prediction of light element abundances in Big Bang
Nucleosynthesis models. A new measurement of the neutron lifetime, utilizing the beam method,
is in progress at the National Institute of Standards and Technology Center for Neutron Research.
Recent improvements to both the neutron and proton detection systems should allow an overall
uncertainty of 1 s. An overview of the beam method will be presented. The status of the
experiment, technical improvements, and early data will be discussed. Plans for a next generation
beam lifetime experiment with a projected uncertainty of 0.3 s will also be mentioned.

Primary author(s) : HOOGERHEIDE, Shannon Fogwell (National Institute of Standards and
Technology)

Presenter(s) : HOOGERHEIDE, Shannon Fogwell (National Institute of Standards and Technol-
ogy)
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PPNS 2018 Grenoble Precise Neutron Lifetime Measurement Using Pulsed . . .

Precise Neutron Lifetime Measurement Using Pulsed
Neutron Beams at J-PARC

A neutron decays into a proton, an electron, and an anti-neutrino through the beta-decay process.
The decay lifetime (∼880 sec) is an important parameter in the weak interaction. For example,
the neutron lifetime is a parameter which can be used to determine the Vud parameter of the
CKM quark mixing matrix. The neutron lifetime is also one of the input parameters for the Big
Bang Nucleosynthesis, which predicts light element synthesis in the early universe. However,
experimental measurements of the neutron lifetime today are significantly different (4.0 sigma
or 8.4 sec) depending on the method used. We are therefore performing an experiment using a
different method. Our goal precision is 1 sec on the neutron lifetime. The experiment is carried
out at the polarized beam branch of BL05, MLF, J-PARC. A Time Projection Chamber (TPC)
operated with He and CO2 gas is used as a beta-decay detector. Neutrons are formed into
bunches, the length of which is half of the TPC length, by Spin Flip Chopper, which enables us
to detect beta-decay electrons with a 4 pi solid angle acceptance and good signal-to-noise ratio.
Since a small amount of 3He gas is injected into the TPC, the neutron flux can be evaluated
by the number of 3He(n, p)3H events in the TPC and its cross section. The data acquisition
started at J-PARC in 2014, and by 2017 we already took the data giving a statistical error of
about ten seconds on the neutron lifetime. We will present the analysis result of the neutron
lifetime. We also present some future upgrade plans to achive our goal precsion of 1 sec.

Primary author(s) : Mr. NAGAKURA, Naoki (University of Tokyo)

Co-author(s) : Dr. HIROTA, Katsuya (Nagoya University); Ms. IEKI, Sei (University of
Tokyo); Dr. INO, Takashi (High Energy Accelerator Research Organization); Prof. IWASHITA,
Yoshihisa (Kyoto University); Prof. KITAGUCHI, Masaaki (Nagoya University); Mr. KITAHARA,
Ryunosuke (Kyoto University); Mr. KOGA, Jun (Kyushu University); Dr. MISHIMA, Kenji (High
Energy Accelerator Research Organization); Ms. MORISHITA, Aya (Kyushu University); Dr. OIDE,
Hideyuki (INFN Genova); Dr. OTONO, Hidetoshi (Kyushu University); Dr. SEKI, Yoshichika
(J-PARC center); Dr. SEKIBA, Daiichiro (University of Tsukuba); Prof. SHIMA, Tatsushi (Osaka
University); Mr. SUMI, Naoyuki (Kyushu University); Prof. SUMINO, Hirochika (University
of Tokyo); Dr. TAKETANI, Kaoru (High Energy Accelerator Research Organization); Mr.
TOMITA, Tatsuhiko (Kyushu University); Mr. YAMADA, Takahito (University of Tokyo); Prof.
YAMASHITA, Satoru (University of Tokyo); Ms. YOKOHASHI, Mami (Nagoya University); Prof.
YOSHIOKA, Tamaki (Kyushu University)

Presenter(s) : Mr. NAGAKURA, Naoki (University of Tokyo)
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PPNS 2018 Grenoble Precision Measurement of the Radiative Decay of the . . .

Precision Measurement of the Radiative Decay of the
Free Neutron

A continuous spectrum of photons is emitted in the decay of the free neutron. In the RDK
II experiment radiative photons were detected in coincidence with the electrons and protons
from neutron decay. The experiment was performed on the NG-6 fundamental physics beam
line using two different photon detector arrays. An annular array of bismuth germanium oxide
(BGO) scintillators detected photons with energies between 14 keV and 782 keV and an array of
large area avalanche photodiodes (APDs) directly detected photons with energies betwen 0.4
keV and 14 keV. The experiment represents the first precision test of the shape of the photon
energy spectrum from neutron radiative decay and a substantially improved determination
of the branching ratio over a broad range of photon energies. The results test comparison of
chiral perturbation theory and QED calculations and corrections, and the experiment provides a
basis for possible future experiments and yielded greater understanding of the neutron lifetime
apparatus currently on the NG-C beam line.

Primary author(s) : Dr. DEWEY, Maynard (NIST)

Presenter(s) : Dr. DEWEY, Maynard (NIST)
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PPNS 2018 Grenoble Result for the Neutron β-Asymmetry Parameter A . . .

Result for the Neutron β-Asymmetry Parameter A
from the UCNA Experiment

The UCNA experiment, located at the Los Alamos Neutron Science Center UCN source, carried
out the first measurement of any neutron β-decay angular correlation parameter with UCN. This
talk will discuss the new result for A extracted from analysis of data obtained during runs in
the years 2011-2013. A precision of 0.67% on A was achieved following improvements to several
key systematic uncertainties, including the neutron polarization and the characterization of the
detector response. This new result for A from UCNA has confirmed the shift in values for A that
has emerged in the results from more recent experiments, which are in striking disagreement
with those from older experiments. A concept for a UCNA+ experiment, with a precision goal
of < 0.2% on A, coupled to the upgraded Los Alamos UCN source will also be presented.

Primary author(s) : PLASTER, Brad (University of Kentucky)

Presenter(s) : PLASTER, Brad (University of Kentucky)
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PPNS 2018 Grenoble Measurement of the Beta Asymmetry with Perkeo III

Measurement of the Beta Asymmetry with Perkeo III

Within the standard model of particle physics semi-leptonic weak decay is described by only
two free parameters, the ratio of vector and axial vector couplings, λ, and the first element of
the CKM-matrix Vud. Due to the absence of nuclear structure, neutron beta decay is an ideal
probe to test the structure of the weak interaction.
In this talk we present the result of the world’s most precise measurement of the beta asymmetry
performed with the decay spectrometer Perkeo III. This measurement has been carried out at
the PF1B cold neutron beam facility at the Institut Laue-Langevin. We further give an overview
about other results and measurements performed with Perkeo III.
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aCORN: Measuring the electron-antineutrino
correlation in neutron beta decay

The aCORN experiment uses a novel “wishbone asymmetry” method to measure the electron-
antineutrino correlation (a-coefficient) in free neutron decay that does not require precision
proton spectroscopy. aCORN completed two physics runs at the NIST Center for Neutron
Research. The first run on the NG-6 beam line obtained the result a = -0.1090 +/- 0.0030 (stat)
+/- 0.0028 (sys), the most precise to date. The sceond run on the new NG-C high flux beam
line promises an improvement in precision to < 2%. Details of the experiment and data analysis
will be presented.
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The Nab Experiment: A Precision Measurement of
Unpolarized Neutron Beta Decay

Neutron beta decay is one of the most fundamental processes in nuclear physics and provides
sensitive means to uncover the details of the weak interaction. Neutron beta decay can evaluate
the ratio of axial-vector to vector coupling constants in the standard model, λ = GA/GV ,
through multiple decay correlations. The Nab experiment will carry out measurements of
the electron-neutrino correlation parameter a with a precision of δa/a = 10−3 and the Fierz
interference term b to δb = 3 × 10−3 in unpolarized free neutron β decay. These results,
along with a more precise measurement of the neutron lifetime, aim to deliver an independent
determination of the ratio λ with a precision of δλ/λ = 0.03% that will allow an evaluation of
Vud and sensitively test CKM unitarity, independent of nuclear models. Nab utilizes a novel,
long asymmetric spectrometer that guides the decay electron and proton to two large area silicon
detectors in order to precisely determine the electron energy and proton momentum. The Nab
apparatus is under installation on the Fundamental Neutron Physics Beamline at the Spallation
Neutron Source at Oak Ridge National Lab. We present an overview of the Nab experiment
and recent updates on various aspects of the apparatus and systematic effects.
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Status of the PERC instrument to investigate the
weak interaction

Neutron beta decay is a sensitive probe to investigate the structure of the charged weak
interaction in search for new physics. The decay is precisely described by theory and free of
nuclear structure effects. Experimental observables are numerous decay correlations which relate
the spin and momenta of the decay particles, the spectra and the neutron lifetime.
In this talk, we present the new instrument PERC which is currently being set up at the FRM II,
Garching. PERC’s main component is a 12m long superconducting magnet system which hosts
a non-depolarising supermirror neutron guide with the active volume. Electrons and protons
from the decay are extracted towards the end of the magnet system and pass a magnet filter
which limits the angle of the particle momenta with respect to the magnetic field. The aim of
PERC is an order of magnitude improvement in precision of several observables. We give an
overview on the PERC instrument and its current status.
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Discrete Symmetry Violation in Neutron-induced
Compound States for New Physics Search

The enhanced sensitivity of compound nuclei, that are induced by epithermal incident neutrons,
to parity violation is expected to be applicable to the violation of the time reversal invariance
(T-violation) at the level of the nucleon meson couplings. Recent progress in the detailed study
of the entrance channel of the compound state of 140La induced by 139La(n,γ) reaction has
enabled quantitative estimation of the experimental sensitivity to the T-violation with the 139La
target. The entrance channel of other compound states are also under detailed studies. In
this paper, we overview the discovery potential with the neutron-induced compound states and
discuss the design of the T-violation experiments using the pulsed epithermal neutron beam
from the high-power spallation neutron source.
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The aSPECT experiment - Preliminary result

The aSPECT retardation spectrometer measures the β−ν angular correlation coefficient a in
free neutron β-decay. This measurement can be used to determine the ratio gA/gV of the
weak coupling constants, as well as to search for physics beyond the Standard Model. In 2013
aSPECT had a successful beam time at the Institut Laue-Langevin. The goal of this beam time
was to improve the current uncertainty of a from ∆a/a = 5% to about 1%.
Different parameter settings of the spectrometer helped to trace instrumental systematics. In
the last 4 years the data and especially the systematic effects of the experiment have been
investigated in detail. Supportive follow-up measurements were conducted, e.g. to determine
the spatial and temporal work function fluctuations of the electrodes, source of one of the main
systematic errors. These measurements were used as input for electromagnetic field computations
and particle tracking simulations for a correction of systematics. The data of the runs in the
individual configurations were combined and analyzed using a multi-dimensional fit with a one
of the free fit parameters. In this talk, we will give an overview of the aSPECT experiment and
a preliminary result on a will be presented.
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Celebrating the 50th anniversary of the ultra-cold
neutron

Today we are celebrating the 50th anniversary of ultra-cold neutrons and experiments with
unprecedented precision. Soon after the first extraction in 1968 it was realized that this would
allow the sensitivity to be increased by a factor of 105 in observation time compared to beam
experiments. Neutrons could been manipulated in novel ways, and the field of ultra-cold neutron
research started to expand rapidly.
Ultra-cold neutrons as a tool
In this talk I will acknowledge the ultra-cold neutron as a tool and its role in an ongoing success
story. The application of resonance spectroscopy, based on quantum interference, resulted in
instruments of spectacular sensitivity and precision. Recent developments are insensitive to
systematic effects, especially electromagnetic effects.
The ultra-cold neutron as an object
The ultra-cold neutron as an object gives us access to fundamental properties: a hypothetical
electric charge or dipole-moment, the lifetime and the coupling constants of the weak interaction.
The electric neutrality of the neutron raises serious questions about charge quantization, the size
of the EDM is also intimately related to the question of why the universe has so little antimatter,
and today all semileptonic charged-current weak interaction cross sections needed in cosmology,
astrophysics, and particle physics have to be calculated from neutron decay parameters. I will
also present a novel search strategy using a quantum interference technique to differentiate
between Einstein’s cosmological constant and dark energy theories.
These examples also show that questions of particle physics and cosmology at the highest energies
can be pursued at the other extreme of the energy scale, using neutrons at the lowest energies
down to the pico-eV range.
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Detecting Dark Energy; From Cosmology to The
Laboratory

I will discuss why current theories of dark energy, which attempt to explain the acceleration
of the expansion of the universe, lead to the introduction of new light scalars and associated
fifth forces. I’ll introduce non-linear screening mechanisms, which allows these scalars to have
interesting cosmological effects whilst remaining compatible with terrestrial and solar system
tests of gravity. I will then go on to discuss prospects for detecting these fields, and explain why
our best hope of learning more about dark energy may be with table top scale experiments.
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Dark Side of the Neutron?

The neutron is one of the fundamental building blocks of matter. Despite being intensively
studied throughout the last eighty years, it may still be hiding a deep secret. Its precise lifetime is
an open question, with two types of experiments (the bottle and beam measurements) providing
substantially different answers. I will describe the recently proposed interpretation of this
discrepancy as a sign of a new dark decay channel for the neutron, involving a dark sector
particle in the final state. If this particle is stable, it can be the dark matter. Its mass is close
to the nucleon mass, which suggests a connection between dark and baryonic matter. I will also
discuss representative particle physics models explaining the discrepancy and consistent with
all experimental constraints, commenting on recent neutron star considerations. This proposal
stimulates the development of new experimental strategies in particle and nuclear physics and
of new theoretical models describing new physics.
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Possible neutron decay to dark fermion and impact on
neutron star properties

In order to explain the difference between neutron lifetimes measured in beam and storage
experiments, Fornal and Grinstein 1 recently raised the possibility that an ‘invisible’ decay
might be responsible. In particular, they examined a possible decay to a dark fermion and
either a photon or an electron-positron pair. Nuclear stability (9Be) requires the mass of the
dark fermion be greater than 937.9 MeV; stability of the dark matter particle would require its
mass to be less than that of a proton plus an electron, 938.8 MeV. A measurement made in
conjunction with a neutron lifetime experiment did not observe photons in the correct energy
range 1. Although not ruled out by these mass bounds, a serious consequence of the proposed
decay mechanism is the impact on neutron star properties [3-5]. The relatively large masses of
neutron stars (up to ∼ 2.2 solar masses) rely on the repulsive core of the nn interaction. Given
a decay branch large enough to explain the difference in the neutron lifetime measurements,
neutrons and dark fermions would reach chemical equilibrium in a neutron star, with several
hundred MeV being liberated for each neutron decay. The degeneracy pressure of a free fermion
gas is further reduced by doubling the number of fermion species. Consequently, even the
lowest mass neutron stars observed cannot be accounted for in this scenario without substantial
self-interactions between the dark fermions.
1 B. Fornal and B. Grinstein, arXiv:1801.01124. 1 Z. Tang, et al., arXiv:1802.01595. 1 D.
McKeen, A. Nelson, S. Reddy and D. Zhou, arXiv:1802.08244. [4] G. Baym, D. H. Beck, P.
Geltenbort and J. Shelton, arXiv:1802.08282. [5] T. F. Motta, P. A. M. Guichon and A. W.
Thomas, arXiv:1802.08427.
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Testing gravity at short distances - results from the
qBounce collaboration

Neutrons are the ideal probes to test gravity at short distances – electrically neutral and only
hardly polarizable. Furthermore, very slow, so-called ultra-cold neutrons form bound quantum
states in the gravity potential of the Earth. This allows combining gravity experiments at short
distances with powerful resonance spectroscopy techniques, as well as tests of the interplay
between gravity and quantum mechanics. In the last decade, the qBounce collaboration has
been performing several measurement campaigns at the ILLs ultra-cold neutron source PF2.
A new spectroscopy technique, Gravity Resonance Spectroscopy, was developed. The results
were applied to test various Dark Energy and Dark Matter scenarios in the lab, like Axions,
Chameleons and Symmetrons. Additionally, the fall of a gravitationally bound quantum wave
packet was observed, which corresponds to the realization of a so-called Quantum Bouncing
Ball with neutrons. This talk will give an overview of the development, present achieved results
and provide a short outlook.
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A Search for deviations from the inverse square law of
gravity at nm range using a pulsed neutron beam

Recently published results and ongoing experimental efforts to search for deviations from the
inverse square law of gravity at the nanometer length scale using slow neutron scattering from
the noble gases are discussed. Using the pulsed slow neutron beamline BL05 at the Materials and
Life Sciences Facility at J-PARC, we measure the neutron momentum transfer (q) dependence
of the differential cross section for the noble gases He, Ne, Ar, Kr, and Xe. By comparing to the
distributions obtained using pseudo-experimental Monte Carlo simulations and forming ratios
between different gas species we place an upper bound on the strength of a new interaction as a
function of interaction length λ which improves upon previous results in the region λ < 0.1 nm,
and remains competitive in the larger λ region.
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Probing symmetry violations with neutrons

In this talk I will discuss the theoretical framework for the interpretation of symmetry-breaking
measurements involving neutrons. I will focus on the neutron permanent electric dipole moment,
that probes P and T violation, and neutron-antineutron oscillations, the probe baryon number
violation. I will discuss the discovery potential and physics reach of these searches in the context
of the broader picture of searches for new physics beyond the Standard Model.
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Towards a new measurement of the neutron electric
dipole moment at the Paul Scherrer Institute

The quest for a non-zero electric dipole moment (EDM) in a non-degenerate system such as the
neutron is a powerful way to search for physics beyond the standard model in the CP violation
framework, complementary to LHC based experiments. So far, no evidence for such an intrinsic
property was observed, neither for the neutron nor for any other system.
After a long and successful data taking at the ILL, where the best upper limit on the neutron
EDM was established in 2006, the RAL/Sussex/ILL apparatus was moved to PSI in 2009. It
was upgraded and used by a collaboration of 15 institutions until late 2017. The collected data
set represents the most sensitive one and has been also used to search for axion-like particles.
I will discuss some of the most recent developments and their impact on both the sensitivity
and the control of the systematic effects.
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A Neutron EDM Experiment at the LANL UCN
Source

Research and development work at Los Alamos National Laboratory towards a new neutron
electric dipole moment (nEDM) experiment using the LANL ultracold neutron (UCN) source,
with a sensitivity goal of several ×10−27 e-cm, is currently ongoing. The initial focus of this
effort was an upgrade of the UCN source and a demonstration that a sufficient number of UCN
can indeed be stored in a nEDM measurement cell; this was successfully completed. In this talk,
the concept of the experiment and current status of R&D will be presented.
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First UCN production in Canada

for the TUCAN collaboration
Ultracold neutrons (UCN) have energies in the energies in the range of 100 neV. They can be
stored in traps for hundreds of seconds. This makes them the ideal tool to study the neutron
itself. Measurements of neutron decay correlations, lifetime or electric dipole moment (EDM) are
ideally suited for ultracold neutrons, as well as experiments probing the neutron’s gravitational
levels in the earth’s field.
The TUCAN collaboration is aiming to build the world’s strongest source of ultracold neutrons
at TRIUMF, Vancouver, BC and measure the EDM to a precision of 10−27 ecm. A major
milestone has been reached in fall 2017 with first UCN production in Canada.
The presentation will introduce the TRIUMF UCN facility, report on first results and the path
towards an EDM measurement.
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The search for a neutron EDM at the Spallation
Neutron Source, Oak Ridge National Laboratory, USA

In order to make the next big leap in neutron electric dipole moment experimental sensitivity in
both statistical reach and systematics control, novel experimental techniques are required. The
scheme of [Golub & Lamoreaux, Physics Reports, 237:1-62 (1994)] exploits unique properties
when combining polarized ultracold neutrons, polarized 3He, and superfluid helium to offer
a two order of magnitude improvement on the current nEDM limit to ∼ 10−28 e·cm. This
scheme will be implemented in the nEDM experiment at the Spallation Neutron Source, Oak
Ridge National Laboratory, USA. The superfluid helium allows a high density of ultracold
neutrons to be produced in-situ, as well as supports a large electric field. The 3He serves as
both comagnetometer and in-situ neutron spin analyzer. The cryogenic environment allows
long UCN storage times and the implementation of superconducting magnetic shields and
SQUID magnetometery. Furthermore, our design will have two distinct measurement modes,
free precession and spin dressing, which will provide an important check of systematics. Great
progress has been made over the past four years during our Critical Component Demonstration
period. An overview of our experiment and a summary of results from this period will be
presented.
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A novel neutron EDM search using a pulsed beam

The search for a finite CP-violating neutron electric dipole moment (EDM) is motivated by
the desire to understand the observed large matter-antimatter asymmetry in our universe. It
has become a worldwide endeavour which is pursued by various research teams setting up
experiments for improved measurements. Our new concept to search for a neutron EDM plans
to employ a pulsed beam instead of the nowadays well-established use of storable ultracold
neutrons (UCN). The technique is ideally suited to take advantage of the high peak-intensity
and intrinsic time structure of the European Spallation Source (ESS) in Sweden. Such an
experiment would allow to directly measure previously limiting systematic effects and would be
complementary to planned UCN experiments with competitive sensitivities. In the presentation,
I will describe this alternative approach and present first experiments performed at the Paul
Scherrer Institute in Switzerland and the Institute Laue-Langevin in France. In this context, I
will also briefly introduce the proposed fundamental physics beam line ANNI at the ESS.
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A new limit of the 129Xenon Electric Dipole Moment

Ulrich Schmidt on behalf of the MIXed collaboration
The Baryon asymmetry is one of the unsolved big questions of Cosmology. Most explanations for
the Baryon asymmetry involve modifications of the Standard Model which generate additional
CP violating interactions. This is one reason to search for CP violating interactions beyond the
Standard Model. These CP violating interactions will also generate Electric Dipole Moments
(EDM) of elementary particles, which are experimentally detectable. In my talk, I will first
motivate in a nut shell why the discovery potential of a baryonic EDM in a complex, composite
system like the 129Xe nucleus may be higher than the discovery potential of the direct search
for the EDM of the baryons of interest: proton and neutron. Second I will introduce our
experimental method: The He-Xe-spin clock. He-Xe-spin clocks are the most accurate clocks
today and we reached already an accuracy level well beyond nHz. Beside the EDM search
we employed and will employ them for other searches for physics beyond the Standard Model.
Third I will present the setup located at the Forschungszentrum Jülich and the first preliminary
result of our ongoing 129Xe EDM search performed by the MIXed collaboration (Measuremnet
and Investigation of the Xenon-129 electric dipole moment).
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Indirect bounds on CP-violating dipole moments of
heavy fermions

Electric dipole moments are extremely sensitive probes for sources of CP violation beyond the
Standard Model. The most stringent limits stem presently from experiments with heavy atoms
and molecules as well as neutrons, built from first-generation fermions. However, there is the
distinct possibility that new physics affects primarily heavier fermions, strengthened recently
by anomalies in the flavour sector involving heavy quarks and leptons. CP-violating moments
of these heavier fermions have been investigated in the past, and improvements are possible
at current and future colliders. However, these rather direct limits are typically many orders
of magnitude weaker than those for the moments of first-generation fermions. In this talk, we
investigate systematically indirect limits on the electric dipole moments, chromo-electric dipole
moments and weak dipole moments of heavy particles like charm, beauty and top quarks as well
as tau leptons and muons from existing high-precision measurements with atoms, molecules and
neutrons.
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Neutron-Antineutron Transformation at the Deep
Underground Neutrino Experiment

Babu et al. have proposed a model of post-sphaleron baryogenesis following the electroweak
phase transition. Their theory naturally gives rise to a plausible baryon abundance, and a
∆B = 2 six-quark operator which generates dinucleon decay modes, including the transformation
of a neutron (n) into an antineutron (n̄).
Using n bound in Ar, DUNE currently plans to include n → n̄ transformation events in
their nucleon decay searches. Using refined physics inputs in GENIE and group-developed
generators, modeling is underway on intranuclear n → n̄ transformations and subsequent
annihilation within Ar, along with atmospheric ν interactions on Ar nuclei. Current signal
and background separation analysis includes novel uses of convolutional neural networks for
topological image analysis without direct physics reconstruction, and complimentary, tried-
and-true virtual reconstruction techniques, each so far with comparable results. Eliminating ν
background is challenging for LArTPCs at DUNE, so analysis of multiple generators becomes
important to assess MC uncertainties, hopefully improving statistics and transformation time
limits. Plans include the integration of atmospheric neutrino fluxes and eventually other n→ n̄

generators within recently developed and increasingly popular generator frameworks such as
GiBUU and NuWRO. Accounting for such uncertainties is a work in progress.
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Prospects and progress towards new experimental
searches for neutron-antineutron oscillations and

related probes for new physics

The motivation and prospects for experimental searches for neutron-antineutron oscillations
are presented, concentrating on experiments with free neutrons. At present the ESS provides
the largest gain potential thanks to its high flux and unique accommodation of the necessary
neutron optics for optimized sensitivity. A two-stage experiment is envisaged leading to an
increase in sensitivity for the neutron-antineutron probability of three orders of magnitude. The
experiment is also designed to probe neutron regeneration, in which the neutron mixes with a
dark sector, in parameter space relevant to the neutron lifetime discrepancy. The experiment
addresses key questions in modern physics including baryogenesis and dark matter.

Primary author(s) : Prof. YOUNG, Albert Young (North Carolina State University) for the
NNbar Collaboration

Presenter(s) : Prof. YOUNG, Albert Young (North Carolina State University) for the NNbar
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NN Parity Violation Landscape and the ESS

The Kavli Institute of Theoretical Physics held a workshop on theory and experiment in nucleon-
nucleon parity violation in March 2018. We will review the recommendations of this workshop
for future work in this field and its implications for possible experiments in this field at the ESS

Primary author(s) : SNOW, William (Indiana University)
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Probing the Hadronic Weak Interaction with the
NPDGamma experiment

Neutrons have been a useful probe in many fields of science as well as an important physical
system for study in themselves. Modern neutron sources provide extraordinary opportunities to
study a wide variety of physics topics. Among them is a detailed study of the weak interaction.
These measurements, done in few-nucleon systems are finally letting us gain knowledge of the
hadronic weak interaction without the contributions from nuclear effects. The NPDGamma
experiment aims to isolate the long-range component of the hadronic weak interaction by
measuring the directional parity-violating asymmetry in polarized cold neutron capture on
protons. The experimental approach will be described and the current state of the analysis
presented.

Primary author(s) : Prof. FOMIN, Nadia (University of Tennessee)
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Neutron Spin Rotation Measurements by the NSR
Collaboration

The neutron spin rotation (NSR) collaboration used parity-violating spin rotation of transversely
polarized neutrons transmitted through a 0.5 m liquid helium target to constrain weak coupling
constants between nucleons. While consistent with theoretical expectation, the upper limit set
by this measurement on the rotation angle, dφ/dz = [+1.7 ± 9.1(stat.) ±1.4(sys.)]×10−7 rad/m,
is limited by statistical uncertainties. The NSR collaboration is preparing a new measurement
to improve this statistically-limited result by about an order of magnitude. In addition to using
the new high-flux NG-C beam at the NIST Center for Neutron Research, the apparatus was
upgraded to take advantage of the larger-area and more divergent NG-C beam. In addition,
significant improvements are being made to the cryogenic design. Details of these improvements
and readiness of the upgraded apparatus will be discussed. We will also comment on how recent
theoretical work combining effective field theory techniques with the 1/Nc expansion of QCD
along with previous NN weak measurements can be used to make a prediction for dφ/dz in
n+4He.
An experiment using the same apparatus with a room-temperature target was carried out at
LANSCE to place limits on parity-conserving rotations from possible fifth-force interactions
to complement previous studies. We sought this interaction using a slow neutron polarimeter
that passed transversely polarized slow neutrons by unpolarized slabs of material arranged so
that this interaction would tilt the plane of polarization and develop a component along the
neutron momentum. We will present the results of this measurement and its impact on the
neutron-matter coupling g2

A from such an interaction.

Primary author(s) : Prof. SARSOUR, Murad (Georgia State University) for the NSR collabora-
tion

Presenter(s) : Prof. SARSOUR, Murad (Georgia State University) for the NSR collaboration

52



PPNS 2018 Grenoble Status of eV Sterile Neutrinos

Status of eV Sterile Neutrinos

I review the experimental indications in favour of short-baseline neutrino oscillations and I discuss
their interpretation in the framework of 3+1 neutrino mixing with a sterile neutrino at the eV
scale. I show that the recent results of the NEOS and DANSS reactor neutrino experiments give a
new model-independent indication in favour of short-baseline electron antineutrino disappearance,
confirming the reactor and Gallium anomalies. On the other hand, the recent result of the
MINOS+ experiment disfavours the LSND anomaly. I also discuss the interpretation of the
Daya Bay fuel evolution data.

Primary author(s) : Dr. GIUNTI, Carlo (INFN)
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Searches for sterile neutrinos at the DANSS
experiment.

DANSS is a one cubic meter highly segmented solid scintillator detector. It consists of 2500
scintillator strips (100x4x1 cm3), covered with gadolinium loaded reflective coating and read out
with SiPMs via wave length shifting fibers. Groups of 50 strips are also read out by conventional
PMTs. DANSS is placed under a 3 GW industrial reactor at the Kalinin NPP (Russia) on a
movable platform. The distance from the reactor core center is varied from 10.7m to 12.7m
on-line. The reactor building provides about 50 mwe shielding against cosmic background which
is reduced drastically. The inverse beta decay (IBD) process is used to detect antineutrinos.
DANSS detects about 5000 IBD events per day with the background from cosmic muons at
the level of few percent. Sterile neutrinos are searched for assuming a 4 neutrino model (3
active and 1 sterile neutrino). The exclusion area in the sterile neutrino parameter plane is
obtained using a ratio of positron energy spectra collected at different distances. Therefore, the
results do not depend on the shape and normalization of the reactor antineutrino spectrum, as
well as on the detector efficiency. Results are based on 1.088 million antineutrino events. The
excluded area covers a wide range of the sterile neutrino parameters up to sin2 (2Θ14) < 0.01 in
the most sensitive region. The Reactor Antineutrino Anomaly optimum point is excluded with
a confidence level higher than 5σ.

Primary author(s) : Mr. SHIRCHENKO, Mark (Joint Institute for Nuclear Research)
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Search for sterile neutrinos with STEREO

Antineutrino detectors operated at short baselines to nuclear reactors observe a deficit compared
to the predicted antineutrino rates, known as Reactor Antineutrino Anomaly. This deficit might
be explained by an oscillation to an additional, sterile neutrino with ˜eV mass. The STEREO
experiment was developed to investigate this hypothesis by searching for an evolution of the
antineutrino spectral shape with distance at short baseline. Antineutrinos are detected by
inverse β-decay in a Gd-loaded liquid scintillator. The detector consists of 6 target cells covering
distances from 9 to 11 m from the compact core of the high flux reactor of the Institut Laue
Langevin. STEREO collected data for about 70 days with reactor on in 2016/17 and resumed
data taking in October 2017 after a long reactor shutdown used for detector maintenance. The
talk will introduce the STEREO detector and discuss concepts of data analysis and results of
the first run of STEREO.

Primary author(s) : LETOURNEAU, Alain
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Current Results of NEUTRINO-4 Experiment with
full-scale detector.

The main goal of experiment “Neutrino-4” is to search for the oscillation of reactor antineutrino
to a sterile state. Experiment is conducted on SM-3 research reactor (Dimitrovgrad, Russia).
Data collection with full-scale detector with liquid scintillator volume of 3m3 was started in June
2016. We present the latest results of measurements of reactor antineutrino flux dependence
on the distance in range 6-12 meters from the center of the reactor. At that distance range,
the fit of experimental dependence has good agreement with the law 1/L2. Which means, at
achieved during the data collecting accuracy level oscillations to sterile state are not observed.
An analysis of possible oscillation parameters values is presented, but accuracy is not sufficient
to make any statements and it should be improved. The future plan about creation new neutrino
laboratory at SM-3 reactor with new detectors is under discussion.

Primary author(s) : SEREBROV, Anatolii Pavlovich (PNPI NRC KI Gatchina); Mr. SAMOILOV,
Rudolf (PNPI NRC KI Gatchina)
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Performance of the SoLid Reactor Neutrino Detector

The SoLid Collaboration is currently operating a 1.6 ton neutrino detector near the Belgian
BR2 reactor. Its main goal is the observation of the oscillation of electron anti-neutrinos to
previously undetected flavour states. The highly segmented SoLid detector employs a compound
scintillation technology based on PVT scintillator in combination with a LiF-ZnS(Ag) screens
containing the 6Li isotope. The experiment has demonstrated a channel-to-channel response
that can be controlled to the level of a few percent, and energy resolution of better than 14% at
1 MeV, and a determination of the interaction vertex with a precision of 5 cm.
In this contribution we will highlight the major outcomes of the R&D program that preceded
the construction of the full-scale detector, the quality control during component manufacture
and integration, as well as the current performance and stability of the full-scale system. The
possibilities for in-situ calibration of the detector with various radioactive sources will be
discussed as well.

Primary author(s) : Prof. WEBER, Alfons (STFC/RAL and University of Oxford) on behalf of
the SoLid collaboration
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PROSPECT, a Precision Reactor Oscillation and
SPECTrum Short-Baseline Anti-neutrino Experiment

PROSPECT (Precision Reactor Oscillation and Spectrum) is a short-baseline reactor antineutrino
experiment. PROSPECT consists of a segmented 4-ton 6Li liquid scintillator antineutrino
detector that will precisely measure the 235U fission antineutrino spectrum from the High-
Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL). PROSPECT’s high
statistics and high resolution measurements of the antineutrino energy spectrum and flux
from HFIR’s 235U core will be vital to understanding the discrepancies between predicted
and measured antineutrino spectra and fluxes observed in previous commercial power reactor
neutrino experiments; in addition, PROSPECT will search for the existence of sterile neutrino
oscillations at the eV2-scale. PROSPECT’s assembly was completed in late 2017 and physics
data taking at HFIR began in 2018. This talk will explain PROSPECT’s physics objectives,
describe its experimental design, and cover its installation and initial data-taking at ORNL.

Primary author(s) : Dr. DONALD, Jones (Temple University) for the PROSPECT collaboration
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Quantum test of the principle of equivalence on
ground and in space

Bose-Einstein condensation (BEC) was awarded with the Nobel prize only 17 years ago. At
that time one only could “speculate on areas for the application of BEC. The new “control” of
matter which this technology involves is going to bring revolutionary applications in such fields
as precision measurement and nanotechnology.” Today BEC interferometry is a cornerstone
for applications of cold atoms on ground and in space and represents a new field in matter
wave optics. These interferometers strive to increase the sensitivity by coherently spitting and
separating wave packets over macroscopic spatial and temporal scales. Bose-Einstein condensates
(BECs), representing a textbook example for a macroscopic wave packet, are the ideal source for
performing this kind of interferometry in very long baseline interferometers stretching out over
seconds on ground and during even longer interferometry times in space. These experiments
will help us to extend our present laboratory experiments, which demonstrated the first dual-
species interferometer testing the universal free fall with laser cooled atoms. Indeed, BEC
interferometry was exploited for the first time in the extended free fall with a chip-based
atom laser for Rubidium 87Rb in the QUANTUS collaboration. The design was successfully
employed for a rocket based test of such an BEC interferometer, which paves the way for
future experiments on sounding rockets, the ISS and on satellites: The explored methods are
central to the next more complex sounding rocket missions, the NASA’s cold atom laboratory
(CAL), to be launched this year, and the envisioned DLR-NASA project of “BECCAL”, a
multi-user facility for experiments on quantum matter, quantum optics and BEC interferometry.
Among others, they will demonstrate important techniques necessary for satellite based quantum
tests of Einsteins principle of equivalence as pursued by the STE-QUEST mission, for satellite
gravimetry and future gravitational wave detection based on ultracold atoms. The QUANTUS
cooperation comprises the group of C. Lämmerzahl (Univ. Bremen), A. Peters (Humboldt
Univ. Berlin/Ferdinand Braun Institut), T. Hänsch/J.Reichel (MPQ/ENS), K. Sengstock/P.
Windpassinger (Univ. Hamburg/Univ. Mainz), R. Walser (TU Darmstadt), and W.P. Schleich
(Univ. Ulm). This project is supported by the German Space Agency Deutsches Zentrum für
Luft- und Raumfahrt (DLR) with funds provided by the Federal Ministry of Economics and
Technology (BMWI) under grant number DLR 50 WM 0346. We thank the German Research
Foundation for funding the Cluster of Excellence QUEST Centre for Quantum Engineering and
Space-Time Research.

Primary author(s) : Prof. RASEL, Ernst M. (Leibniz Univ. Hannover, Inst. Quantenoptik)

Presenter(s) : Prof. RASEL, Ernst M. (Leibniz Univ. Hannover, Inst. Quantenoptik)

59



PPNS 2018 Grenoble Overview of Neutron Interferometry at NIST

Overview of Neutron Interferometry at NIST

The neutron interferometry program at the National Institute of Standards and Technology is a
well-established program that performs experiments in a wide range of areas including materials
science, quantum information, precision coherent and incoherent scattering lengths, and dark
energy/fifth force searches. I will give an overview of our two neutron interferometry facilities,
including highlights from some recent experiments. In particular, I will discuss results from our
search for dark energy chameleon scalar fields as well as our recent precision measurement of the
coherent scattering length of n-4He. I will also describe some recent technical improvements to
the facilities. These include performing measurements with the interferometer housed inside a
vacuum chamber as a means to decouple the interferometer from temperature gradients. These
technical improvements open an array of new possibilities for neutron interferometry.

Primary author(s) : Dr. HUBER, Michael (NIST)
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Weak Measurements and Weak Values studied in
Neutron Interferometry

Weak measurements, introduced exactly 30 years ago, underwent a metamorphosis from a
theoretical curiosity to a powerful resource for exploring foundations of quantum mechanics, as
well as a practical laboratory tool. However, unlike in the original textbook experiment, where
an experiment with massive particles is proposed, experimental applications are realized applying
photonic systems. We have overcome this hurdle by developing a new method to weakly measure
a massive particles spin component. Our neutron optical approach is realized by utilizing neutron
interferometry, where the neutrons spin is coupled weakly to its spatial degree of freedom. This
scheme was then applied to study a new counter-intuitive phenomenon, the so-called quantum
Cheshire Cat, where the neutron behaves as if the particle and its property were spatially
separated. In a more recent experiment we implemented a new method to reconstruct a systems
quantum state. State tomography, the usual approach for a reconstruction of a quantum state,
involves a lot of computational post-processing. So in 2011 a novel more direct method was
established using weak measurements. Our procedure is based on the method established in
2011, without the need of computational post processing, but at the same time uses strong
measurements, which makes it possible to determine the quantum state with higher precision
and accuracy.
[1] S. Sponar, et al., Phys. Rev. A 92, 062121 (2015).
[2] T. Denkmayr, et al., Nat Commun. 5, 4492 (2014).
[3] S. Sponar, et al., Phys. Rev. Lett. 118, 010402 (2017).

Primary author(s) : Dr. SPONAR, Stephan (AtomInstitut, TU Wien, Stadionallee 2, 1020
Vienna, Austria)

Co-author(s) : Prof. HASEGAWA, Yuji (AtomInstitut, TU Wien, Stadionallee 2, 1020 Vienna,
Austria)

Presenter(s) : Dr. SPONAR, Stephan (AtomInstitut, TU Wien, Stadionallee 2, 1020 Vienna,
Austria)

61



PPNS 2018 Grenoble Three Phase-Grating Moire Interferometer

Three Phase-Grating Moire Interferometer

We have demonstrated a three phase-grating neutron interferometer operating in the far-field
regime and with a polychromatic neutron beam. Interference fringes were observed with a
total grating separation of four meters. The three phase-grating moire neutron interferometer
is a suitable candidate for large area neutron interferometer applications due to its relaxed
grating fabrication and alignment requirements and broad wavelength acceptance. I will discuss
a possibility to use such interferometer to measure the free fall acceleration and possibly the
gravitational constant.

Primary author(s) : PUSHIN, Dmitry
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Development of a Next Generation Fast Neutron
Detector

Fast neutron detection is important for many fields in the international community, including
medicine, global security, and fundamental science. Current methods of fast neutron detection
primarily rely on the counting technique by thermalizing and capturing neutrons which disassoci-
ates the direction of momentum vector from the direction of the source. Many current techniques
also require expensive materials such as 3He and other scintillating materials. For challenges such
as nuclear nonproliferation, the thermalization technique eliminates the possibility to directly
detect important nuclei, such as 235U and 239Pu, which require a thermal neutron source to
induce fission. We are currently working to develop a next generation directional fast neutron
detector which will be able to detect neutron sources quicker and from weaker sources than
thermal neutron detectors. Our detector overcomes the sensitivity limitations from the neutron
background and it is expected to be at least one order of magnitude more sensitive than any
other present neutron detector.
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Precision Neutron Flux Measurement using the
Alpha-Gamma Device

The Alpha-Gamma device at the National Institute of Standards and Technology utilizes neutron
capture on a totally absorbing 10B deposit to measure the absolute flux of a monochromatic
cold neutron beam. Gammas produced by the boron capture are counted using high purity
germanium detectors, which are calibrated using a well-measured 239Pu alpha source and
the alpha-to-gamma ratio from neutron capture on a thin 10B target. This device has been
successfully operated and used to calibrate the neutron flux monitor for the BL-2 neutron
lifetime experiment at NIST. It is also being used for a measurement of the 6Li(n, t)4He cross
section. We shall present the principle of operation along with the current and planned projects
involving the Alpha-Gamma device, including the recalibration of the U.S. national neutron
standard NBS-1 and cross section measurements of 235U.

Primary author(s) : Dr. ADAMEK, Evan (University of Tennessee - Knoxville)
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Frequency shifts in gravitational resonance
spectroscopy

Several experimental groups are doing spectroscopy of quantum states of ultracold neutrons in
the gravitational field. This spectator state shift) that appear in these measurements. These
frequency shifts have general importance, and need to be taken into account in precision
experiments in gravitational resonance spectroscopy.
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Neutron-Mirror Neutron transitions: experimental
status and astrophysical e�ects

Present experimental and astrophysical/cosmological limits still cannot exclude that neutron-
mirror neutron (n-n’) oscillation can be a rather fast process with the baryon number violation,
in fact faster than the neutron decay itself. It can be tested via the neutron disappearance or
regeneration experiments with controlled magnetic fields. I present the results of global analysis
of the existing experiments on n-n’ oscillation and corresponding limits on the oscillation time.
I also discuss the possible astrophysical implications of n-n’ conversion, in particular for the
origin and propagation of the Extreme Energy Cosmic Rays (EECR), above the GZK cutoff.
I show that it can naturally reconcile the significant discrepancy between the EECR fluxes
and spectra observed by two largest presently operating experiments, the Pierre Auger (South
hemisphere) and Telescope Array (North hemisphere). The “standard” approach that assumes
that cosmic Zevatrons accelerating the EECR should be nearby (within the GZK radius of about
50 Mpc from the Earth or so) active galactic nuclei or radiogalaxies, surely cannot explain this
discrepancy.

Primary author(s) : BEREZHIANI, Zurab (University L’Aquila)
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Search for BSM physics at TeV scale by exploring the
transverse polarization of electrons emitted in neutron

decay

Neutron and nuclear beta decay correlation coefficients are linearly sensitive to the exotic
scalar and tensor interactions that are not included in the Standard Model (SM). The proposed
experiment will measure simultaneously 11 neutron correlation coefficients (a, A, B, D, H, L,
N, R, S, U, V ) where 7 of them (H, L, N, R, S, U, V ) depend on the transverse electron
polarization – a quantity which vanishes in the SM. The neutron decay correlation coefficients H,
L, S, U, V were never attempted experimentally before. The expected impact of the proposed
experiment that currently takes off on the cold neutron beam line PF1B at the Institut Laue-
Langevin, Grenoble, France, is comparable to that of the beta spectrum shape measurements
but offers completely different systematics and additional sensitivity to imaginary parts of the
scalar and tensor couplings. In the talk, challenges of the proposed techniques as well as timeline
and milestones of the project will be discussed.
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Vacuum pump system for PERC

PERC is a next generation neutron decay instrument currently being set-up at the MEPHISTO
beamsite of the FRM2. The aim of PERC is to improve the precision on several correlation
coefficients by one order of magnitude. Its main component is an 8 m long superconducting
solenoid containing a non-depolarizing neutron guide as decay volume. Specialized detector
systems for electron and proton detection can be utilized with PERC.
For an undisturbed guidance of protons a vacuum in the UHV regime throughout the warm
bore of 12m length is required. Challenges like high magnetic field, several critical temperatures
as well as restricted placement due to the surrounding superconducting coils limit the choice of
applicable vacuum pump types.
In this work, the performance of ion getter pumps utilizing the high magnetic field of PERC is
investigated and their placement and different pump parameters are optimized.
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qBounce: current status of the Ramsey-type GRS
experiment

In the last years, the qBounce collaboration designed and built a new Ramsey-type experiment
for gravitational resonance spectroscopy (GRS) with UCN in order to increase the sensitivity for
tests of Newton’s gravitational Law at small distances. Since the end of 2016, the setup is located
at the PF2 at the ILL. In the spring of this year we will finalize the planned measurements.
We will present the status of the measurements and give an outlook of future extensions of the
Ramsey-type setup.

Primary author(s) : BOSINA, Joachim

Co-author(s) : JENKE, Tobias; GELTENBORT, Peter; Prof. ABELE, Hartmut (Atominstitut,
TU Wien); FILTER, Hanno; Mr. RECHBERGER, Tobias (Atominstitut, TU Wien); Mr.
THALHAMMER, Martin (Atominstitut, TU Wien); Mr. ACHATZ, Lukas (Atominstitut, TU
Wien)

Presenter(s) : BOSINA, Joachim

69



PPNS 2018 Grenoble New Search for Mirror Neutron Regeneration

New Search for Mirror Neutron Regeneration

The possibility of relatively fast neutron oscillations into a mirror neutron state is not excluded
experimentally when a mirror magnetic field is considered. Direct searches for the disappearance
of neutrons into mirror neutrons in a controlled magnetic field have previously been performed
using ultracold neutrons, with some anomalous results reported. I will describe a technique
using cold neutrons to perform a disappearance and regeneration search, which would allow
us to unambiguously identify a possible oscillation signal. An experiment using the existing
General Purpose-Small Angle Neutron Scattering instrument at the High Flux Isotope Reactor
at Oak Ridge National Laboratory will have the sensitivity to fully explore the parameter space
of prior ultracold neutron searches and confirm or refute previous claims of observation.
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The BL2 Experiment: An In-Beam Measurement of
the Neutron Lifetime

Neutron beta decay is the simplest example of semi-leptonic decay. A precise measurement
of the neutron lifetime and λ, the ratio of axial vector and vector coupling constants of the
weak interaction, allow for a determination of the CKM matrix element Vud that is free from
nuclear structure effects. It provides an important test of unitarity and consistency of the
Standard Model. The neutron lifetime is also one of the largest uncertainties in Big Bang
Nucleosynthesis calculations of light element abundance. There is a 4σ discrepancy between
different experimental methods of measuring the neutron lifetime. A new measurement of the
neutron lifetime using the in-beam method is ongoing at the NIST Center for Neutron Research.
This method requires the absolute counting of the decay protons in a neutron beam of precisely
known flux. Improvements in the neutron and proton detection systems as well as the use of a
new analysis technique should permit an overall uncertainty of 1s. The experimental status,
technical improvements, analysis techniques and early data will be presented.
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Time-of-�ight Ramsey Experiment with a Chopped
Neutron Beam

The early neutron electric dipole moment (EDM) experiments were performed using continuous
beams. They were replaced in the 1980’s with ultra-cold neutron storage experiments as they
provide better sensitivity due to longer observation times. A new approach, the BeamEDM
experiment, is based on the early neutron EDM measurements, however, using a pulse beam.
This allows to combine a time-of-flight measurement with the classic neutron Ramsey technique
[F.M. Piegsa, Phys. Rev. C 88, 045502 (2013)]. This overcomes the previously limiting
relativistic vxE-effect by measuring it directly. I will present preliminary results of a recent
beam time during which we demonstrated a first time-of-flight measurement using the Ramsey
technique.

Primary author(s) : Ms. CHANEL, Estelle (Laboratory for High Energy Physics, Albert Einstein
Center for Fundamental Physics, University of Bern, CH-3012 Switzerland)
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Position sensitive UCN detectors

We will present a new position sensitive detector based on CCD sensors with a thin boron 10
conversion layer, aimed at the measurement of neutron gravitational wavefunctions in at the
GRANIT facility
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Losses and depolarisation of ultracold neutrons on
neutron guide and storage materials.

At ILL and PSI, we have measured the losses and depolarisation probabilities of ultracold
neutrons on various materials: (i) nickel-molybdenum alloys with weight percentages of 82/18,
85/15, 88/12, 91/9, 94/6 and natural nickel Ni100, (ii) nickel-vanadium NiV93/7, (iii) copper,
and (iv) deuterated polystyrene (dPS). For the different samples, storage-time constants up to
∼460 s were obtained at room temperature. The corresponding loss parameters for ultracold
neutrons, η, varied between 1.0 ×10−4 and 2.2 ×10−4. All η values are in agreement with
theory except for dPS where anomalous losses at room temperature were established with
four standard deviations. The depolarisation probabilities per wall collision β measured with
unprecedented sensitivity varied between 0.7 ×10−6 and 9.0 ×10−6. Our depolarisation result
for copper differs from other experiments by 4.4 and 15.8 standard deviations. The β values of
the paramagnetic NiMo alloys over molybdenum content show an increase of β with increasing
Mo content. This is in disagreement with expectations from literature. Finally, ferromagnetic
behaviour of NiMo alloys at room temperature was found for molybdenum contents of 6.5 at.%
or less and paramagnetic behaviour for more than 8.7 at.%. This may contribute to solve an
ambiguity in literature.
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A Scalable Multichamber Neutron EDM Measurement

Searches for permanent electric dipole moments (EDMs) are limited by statistical and systematic
errors. Modern searches for a neutron EDM typically use trapped ultracold neutrons (UCN),
with statistical limits arising from low phase-space density in the source (and exacerbated by
storage and transfer losses). Systematic limits arise from imperfect knowledge or control of
experimental conditions, in particular magnetic field gradients and drift. Compensations for
imperfect or fluctuating conditions, such as comagnetometry, typically introduce additional
systematic errors and practical limitations.
Direct UCN production inside a well-controlled spectrometer environment simultaneously
addresses both classes of errors. However, work in this direction has encountered great difficulties:
due partly to challenges in disentangling complex diagnostic problems between the source and
spectrometer, and partly to challenges in scaling prototyped components for a final apparatus.
We propose a new approach to develop modular source and spectrometer technology in parallel,
based on in-situ production and detection of UCN. The core element is a single cell with an
integrated, polarization-sensitive detector. Many cells are arranged on the axis of a cold neutron
beam to produce polarized UCN by superthermal downconversion in liquid 4He, without moving
elements or transfer guides. In-situ operation eliminates extraction and transport losses, while
the conversion medium also allows application of higher electric fields. Apart from magnetic
homogeneity and cryogenics (which have been demonstrated at the needed levels), the final
apparatus is fully scalable from a single working cell.
Each measurement addresses many cells in parallel, with different combinations of electric
and magnetic fields applied to optimally diagnose systematic effects. In particular, conducting
elements of the UCN detector are also used to evaluate systematic errors related to magnetic field
gradients, and for hardware-linked data blinding based on an intentionally-applied geometric
phase in certain cells.
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Neutron optical experiments studying uncertainty
relations

The uncertainty relation is an elemental concept in quantum physics which states that the
value of two non-commuting observables cannot be determined with arbitrary accuracy. The
best known and most established version of such a principle is the uncertainty relation for
position Q and momentum P formulated in terms of standard deviations. Uncertainty relations
can comprise the intrinsic sharpness of a state, but also the information how the error of a
measurement of one observable causes an unavoidable disturbance of the second observable.
New uncertainty inequalities for both categories have emerged which need to be tested. These
uncertainties expand current definitions to systems characterized with the Shannon entropy,
for mixed states or for the sum of more than two observables. In case of spin observables the
neutron can be utilized to check the new inequalities. The neutron polarimeter experiments are
carried out at the 250-kW TRIGA MARK II reactor at the Institute of Atomic and Subatomic
Physics of the Vienna University. The results of the research of uncertainty relations in neutron
optics will be presented.
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Optical Observations of Hydrogen and Deuterium
Crystal Growth and Their Implications for Ultracold

Neutron Transmission Experiments

Ultracold neutrons (UCNs) are a versatile tool for fundamental physics experiments, such as the
exact determination of the free neutron lifetime or the search for a possible non-zero neutron
electric dipole moment.
The precise knowledge of UCN cross sections in solid deuterium is pivotal to the design and
improvement of new UCN sources, like the one at Paul Scherrer Institut (PSI), which promise
to provide higher UCN densities than the current frontrunner – the “turbine” at Institut
Laue-Langevin (ILL) in Grenoble, France.
A novel sample container for cryogenic liquids and solids featuring highly polished transparent
silica windows is presented. Using this sample container, the total UCN cross sections of liquid
and solid deuterium for UCNs were measured in transmission geometry with a time-of-flight
(TOF) setup. The velocity-dependent cross section data for UCNs in condensed deuterium and
discuss the importance of UCN scattering on surfaces.
1 S. Döge (Doege) et al., Phys. Rev. B 91, 214309 (2015) and arXiv:1511.07065 [nucl-ex]
2 S. Döge (Doege) and J. Hingerl, Rev. Sci. Instrum. 89, 033903 (2018)

Primary author(s) : Mr. DOEGE, Stefan (TU Munich)

Co-author(s) : Mr. HINGERL, Juergen (TU Munich, ILL); JENKE, Tobias; MORKEL,
Christoph; LAUSS, Bernhard; HILD, Nicolas; GELTENBORT, Peter; PAUL, Stephan

Presenter(s) : Mr. DOEGE, Stefan (TU Munich); Mr. HINGERL, Juergen (TU Munich, ILL)

78



PPNS 2018 Grenoble Measurement of the angular distribution of γ-rays from . . .

Measurement of the angular distribution of γ-rays
from neutron-induced compound states of 81Br for

T-Violation search

It is known that P-violation is enhanced in neutron capture reaction of some nuclei. The
enhancement was explained by using mixing of s- and p-wave amplitude in the compound nuclei.
The enhancement of T-violation is predicted by using same mechanism theoretically. We plan to
search for T-violation using the neutron capture reactions. The nucleus with large P-violation
are candidates for T-violation experiments. The magnitude of the enhancement also depends on
the partial wave amplitudes in the compound nuclei. This enhancement factor can be estimated
by measuring angular distribution of (n,γ) reaction.
81Br is one of the candidates for our T-violations search because of large P-violation. However,
the enhancement factor has not been measured yet. We measured the angular distribution in the
81Br (n,γ) reaction with high energy-resolution germanium γ-ray detectors at BL04 in J-PARC.
In this enhancement factor.
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E�ect of Neutron Spin Rotation at Laue Di�raction in
a Deformed Transparent Crystal with No Center of

Symmetry

The effect of neutron spin rotation at Laue diffraction in a noncentrosymmetric weakly deformed
neutron transparent crystal has been studied experimentally. The effect appears because of two
phenomena:
(i) the interaction of the magnetic moment of a moving neutron with the crystalline electric
field and
(ii) bending of trajectories of the neutron in a deformed crystal;
as a result, the amplitudes of two waves excited at Laue diffraction, which propagate in the
crystal in opposite electric fields, at the output of the crystal are not equal.
This work is supported by the Ministry of Science and Education of the Russian Federation
(program 3.3838.2017 / 4.6)
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Correction of systematic e�ects due to magnetic �eld
inhomogeneity in the PSI nEDM experiment with

magnetic �eld mapping

A measurement of the neutron electric dipole moment has been performed at PSI in 2015/2016
using an upgraded version of the RAL/Sussex/ILL spectrometer, the analysis of this data is
ongoing. The experiment features a mercury co-magnetometer to correct the magnetic field
drifts. However, the mercury itself causes one of the main systematics effect in the experiment.
The correction of this effect requires a good knowledge of the magnetic field inhomogeneity.
For that, dedicated magnetic field mapping campaigns were realized. The presents the analysis
of the field maps, which is based on an adequate expansion of the field in terms of harmonic
polynomials.
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The PanEDM Experiment

Experimental searches for a permanent electric dipole moment (EDM) in a fundamental system
now date back more than 60 years. An unambiguous manifestation of discrete symmetry
violation in both parity (P) and time reversal (T), an EDM directly implies CP violation under
the generally accepted assumption of CPT conservation. All experimentally confirmed CP
violation occurs within the Standard Model of particle physics, but only in a small number of
highly suppressed effects. Moreover, these are insufficient to explain the Universe’s observed
matter-antimatter asymmetry, and theories addressing this “baryon asymmetry” typically also
predict significantly enhanced EDMs.
The neutron’s EDM dn is experimentally constrained to below 3×10−26 e·cm. With the PanEDM
experiment at the ILL, we plan to improve this experimental sensitivity by more than an order
of magnitude by combining the world’s best-performing magnetic shield (suppressing systematic
errors) with the SuperSUN source of ultra-cold neutrons (reducing statistical uncertainty).
The shields and magnetic environment produce a magnetic field that is homogeneous at the
10−4 level, with passive drifts on the 1 fT level. Systematic effects from these sources are thus
suppressed to levels compatible with an order-of-magnitude improvement in dn, without the need
for comagnetometry. The UCN source will provide a high density of UCN with energy below
74 neV, enabling long storage and spin precession times in each experimental run. PanEDM
will be commissioned and upgraded in parallel with SuperSUN, to take full advantage of the
output from each stage. Commissioning is ongoing in 2018, and the first order of magnitude
improvement on the EDM should be possible with two reactor cycles of data in the commissioned
apparatus. Next to our planned measurement, selected technical advances along the way will be
presented.
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Lloyd's Mirror for Slow Neutrons and Spatial Neutron
Detection

The design of a free-space neutron interferometer for very-cold neutrons at the PF2 and current
developments at the Atominstitut on the topic of spatial detection of slow neutrons utilizing
CR39 are presented [1]. A neutron interferometer similar to a double-slit interferometer [2] but
with a vertical mirror on the beam axis is called Lloyd’s mirror [3]. This kind of interference
effect could be exploited to probe physics beyond the standard model of particle physics i.e. dark
matter and dark energy models as proposed in [4]. The collimation and wavelength selection
apparatus, the planned interferometer apparatus, simulations for the expected interference
pattern as well as estimations of phase shifting effects are presented. CR39 detectors are a
standard tool for particle detection [5] which by applying a boron coating can be used for neutron
detection [6]. Here a method is presented to automatically classify these tracks accurately in
neutron and non-neutron tracks using machine learning algorithms.
[1] H. Filter, PhD Thesis,TU Wien (t.b.p) [2] A. Zeilinger, et al., RevModPhys, 60(4), 1067–1073
(1988) [3] H. Lloyd, Transactions of the Royal Irish Academy 17, 171-177, (1831) [4] Y. N.
Pokotilovski, Journal of Experimental and Theoretical Physics, 116(4), 609–619 (2013) [5] V.
Nesvizhevsky, H. Börner, and A. M. Gagarski, NIM 440 (2000) [6] T. Jenke et al., NIM A 738,
(2013)
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Production of highly uniform magnetic �eld for the
n2EDM experiment at the Paul Sherrer Institute.

This work presents a preliminary design of the coils system developped for the neutron electric
dipole moment experiment (n2EDM) at the Paul Sherrer Institute (PSI). The goal of this
experiment is to find new sources of CP violation through the measurement of the neutron
electric dipole. The current best limit of the nEDM measurement, 2.9.10−26 e.cm (90% C.L.)
was reached by the RAL-Sussex-ILL collaboration in 2006. The n2EDM experiment aims at
improving by one order of magnitude the statistical sensitivity while keeping under control the
systematics effects. The gain in sensitivity, as well as the control of the systematics, require
to produce a very uniform field. First, the requirements on the field uniformity to reach such
a statistical sensitivity level will be reminded. Then, the design of the main coil B0 will be
presented. The performances of this coil, simulated by the COMSOL software, will be shown.
Finally, the design of additional correcting coils used to suppress the remaining non uniformities
will end this presentation.
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Plan of NNbar experiment at the WWR-M reactor

We propose an experiment on search for neutron–antineutron oscillations based on the storage
of ultracold neutrons in a material trap. This experiment will be competitive due to a new
source of ultracold neutrons which is under construction in PNPI NRC KI. It must provide UCN
density 2-3 orders of magnitude higher than existing sources. The sensitivity of the experiment
mostly depends on the trap size and the amount of UCN in it. The results of simulations of
the designed experimental scheme show that the sensitivity can be increased by ˜ 10–40 times
compared to sensitivity of previous experiment depending on the model of neutron reflection
from walls. Design of the setup, magnetic shielding study, neutron storage and annihilation
detection simulations are under development.
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Monte Carlo simulation of the neutron lifetime
experiment with the big gravitational trap

Monte Carlo model of the experiment for measuring the neutron lifetime by the method of
storing ultracold neutrons in a material trap is developed. The trajectory of each neutron is
calculated taking into account the gravity. In the model all stages of the experiment are fully
reproduced. In it there is a possibility to set concrete value of neutron lifetime, then to repeat
experimental procedure and to see whether there is a difference between the set and measured
value. To accumulate the necessary statistics, the calculations were carried out on a computer
cluster. As a result of the calculations, the calculated and experimental dependence of the
detector count on the time was found to coincide. The systematic uncertainty associated with
the method of calculating the effective collision frequency of ultracold neutrons in a trap was
determined. It has made 0.1 s. The modeling of all the details of this experiment is extremely
important to justify the accuracy achieved and to prove the absence of systematic errors.
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The ICARUS experiment

The 760 ton liquid argon ICARUS T600 detector performed a successful three-year physics run
at the underground LNGS laboratories, studying neutrino oscillations with the CNGS neutrino
beam from CERN, and searching for atmospheric neutrino interactions in cosmic rays. A sensitive
search for LSND like anomalous νe appearance was performed, contributing to constrain the
allowed parameters to a narrow region around ∆m2 eV 2, where all the experimental results can
be coherently accommodated at 90% C.L. The T600 detector underwent a significant overhauling
at CERN and has now been moved to Fermilab, to be exposed to the Booster Neutrino Beam
acting as the far station to search for sterile neutrino within the SBN program. The proposed
contribution will address ICARUS LNGS achievements, the present status and plans for the
new run and the ongoing analyses also finalized to the next physics run at Fermilab.
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Understanding the UCNτ Experiment through
Simulations of Dynamics of Trapped Neutrons

The UCNτ experiment at Los Alamos National Lab measures the neutron β-decay lifetime by
storing ultracold neutrons (UCNs) in a magneto-gravitational trap for holding times longer
than the neutron’s lifetime. Understanding the phase space evolution of neutrons in the trap
is critical for a high-precision measurement of the lifetime. Systematic effects can stem from
changes in the neutron phase space between different holding times. We have utilized a Monte
Carlo simulation of neutron trajectories to understand this phase space evolution, as well as
UCN capture efficiencies in our detector. This simulation uses Indiana University’s Big Red II
supercomputer to symplectically integrate neutrons in a potential generated from an expansion
of the analytic expression for the trap’s field. A virtual detector, with the same characteristics
as our actual detector, records the neutron’s initial hit time and energy. By weighting the hit
times by neutron energies, we can match measured spectrum data. In addition, this model has
been applied to study a contaminant aluminum block on the neutron’s lifetime. We will present
results of these simulations, and discuss implications for their relevant systematic corrections.
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Time-Reversal Invariance Violation in Neutron
Interactions with Nuclei

Time Reversal Invariance Violating (TRIV) effects in neutron transmission through nuclear
targets are discussed. The absence of final state interactions for the set of specific observables
makes these experiments complementary to neutron and atomic electric dipole moment (EDM)
measurements. We explore important advantages of the search for TRI violation in neutron
nuclei interactions and show that neutron scattering experiments at new high flux Spallation
Neutron Sources can essentially improve the current limits on the TRIV interactions obtained
from neutron and atomic EDMs.
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Analysis of spin-�ip loss in magnetic bottles for
ultracold neutrons

Measurements of the neutron lifetime have used UCN storage in material bottles as well as
confinement in magnetic traps. In material bottles, neutrons can be lost from the ensemble by
imperfect wall reflections. This loss mechanism does not exist for magnetic bottles. However, in
this case only one spin orientation relative to the field is confined and spin flip into the opposite
direction inevitably implies loss from the bottle. The experience with magnetic confinement
shows that this loss may not be negligible and, therefore, should be analyzed reliably (as well
as studied experimentally). Using the example of UCN confinement in an ideal multipole field
we show that four different methods of calculating depolarization rates give identical results:
(a) quasi-classical analysis of the spin dynamics in a time-dependent field; (b) solution of the
Schr\"odinger equation in Wentzel-Kramers-Brillouin (WKB) approximation; (c) analytic or
numerical solution of the classical Bloch equation; and (d) application of quantum mechanical
perturbation theory using quasi-classical wave functions.
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Limiting Short-Range Interactions with the Q2

Dependence of Pendellosung Interference

Pendellosung interference may be used to measure the crystallographic neutron structure factors
for silicon and germanium with a high degree of precision. Carrying out measurements for
the (111), (220), and (400) Bragg conditions and studying the associated Q2 dependence can
give a competitive limit on the strength of an angstrom-scale fifth force. Other sources of Q2

dependence in the pendellosung phase include the Debye-Waller factor for each crystal species
and neutron-electron scattering. Despite the relatively high uncertainties of the neutron charge
radius and the room temperature Debye-Waller factor, projected limits on an angstrom-scale
fifth force will be on the order of 1023 times the strength of gravity. Current limits on the
interaction strength in the 0.1 angstrom to 1 angstrom region are projected to be improved by an
order of magnitude. The experiment is also sensitive to the mean square displacements at room
temperature of silicon and germanium at the 0.05% level and the neutron electron scattering
length at the 0.4% level. Progress in performing these measurements on a 4.4 angstrom and 2.2
angstrom beam line at the NIST Center for Neutron Research is currently underway.
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Probes of TeV scale physics high precision calorimetry
of UCN decays.

Ultracold neutrons (UCN) β decay makes an ideal laboratory for testing fundamental symmetries
of the Standard Model in novel ways. As it stands now, the Standard Model surely requires
an extension to explain dark matter, baryon number asymmetry and unification with gravity.
While assured near the Planck scale, the lower energy limit of these extensions have not yet
been discovered at the LHC or anywhere. I’ll show how precision UCN experiments can explore
these symmetries above the TeV scale competitively with accelerators. Several experiments such
as UCNA, UCNb, and UCNτ at Los Alamos National Laboratory (LANL) measure β decay
symmetry correlation parameters such as the axial-vector coupling constant, λ, the neutron
Fierz interference term, bn, and the neutron lifetime, τ , can be combined and used to look for
new models.
Most recently exciting news is the LANL neutron lifetime experiment, UCNτ , reaffirmed that
experiments holding neutrons for longer than other experiments that don’t use UCN, see less
remaining neutrons - that is they show an anonymously shorter lifetime. This has lead to the
exciting possibility that new physics may be responsible, and may have an impact on interference
terms both in and beyond the Standard Model decays.
The neutron Fierz interference term b, which is particularly sensitive to BSM tensor and scalar
TeV currents, now has a direct constraint, bn = 0.067 ± 0.005 (stat: 0.090 sys 0.061), still
consistent with the Standard Model. So far, the only limiting uncertainty is dominated by
absolute energy reconstruction and the linearity of the beta spectrometer energy response. I will
describe how future experiments might probe new pathways and new candidate theories more
deeply by performing systematically higher precision calorimetry of neutron decay products.
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Investigating the Solid Deuterium in the PSI UCN
Source Moderator

The Paul Scherrer Institute (PSI) houses two spallation targets. By directing PSI’s high intensity
proton beam onto the two targets, they produce neutrons for the SINQ facility and the ultracold
neutron (UCN) source. The UCN source cools the neutrons to the ultracold regime (less than
3 mK). The neutrons are decelerated in three steps via thermalization in D2O, subsequent
moderation in solid ortho-deuterium (sD2), and finally down-scattering on the crystal lattice of
the sD2 by phonon excitation. During normal operation a decline in UCN output was observed.
A conditioning process allows to recover the original performance, and in many cases even
increases the previous UCN output. This process consists of reducing the sD2 vessel cooling
power and heating its lid for a short period of approximately two hours. Investigations to
pinpoint the reasons for the decreasing UCN rate and the beneficial impact of the conditioning
process will be presented.
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Search for neutron electric dipole moment by using
the crystal di�raction with pulsed neutrons

The permanent electric dipole moment of neutrons (nEDM) violates time reversal symmetry.
The upper limit of nEDM is dn < 3 × 10−26 e.cm., which is very close to the predictions of
new physics beyond the standard model (SM), for example, supersymmetry. The search for
nEDM is one of the most important and sensitive probes for new physics. The present upper
limit of nEDM was obtained by measuring the spin precession frequency of confined ultra-cold
neutrons (UCNs) in both magnetic and electric field. Although several intense UCN sources are
constructing all over the world to improve the sensitivity of nEDM, it is important to develop the
different method to measure the nEDM with different systematic uncertainties. We are planning
to measure the nEDM by using the dynamical diffraction in a crystal. Non-centrosymmetric
crystals have very strong inner electric filed, which leads to the spin precession of transmitted
neutrons. A large amount of thermal neutrons can be utilized under the dynamical diffraction
condition. We are considering the feasibility of the nEDM search at pulsed neutron source.
Strong electric field and time-of flight analysis by using pulsed neutron source enables us to
suppress the systematic uncertainties and to improve the sensitivity. It is also important because
this method has the different systematic uncertainties from the UCN method. Now we have
started the research and development of the experiment. Firstly we successfully observed the
Pendellösung fringes by using pulsed neutrons. In this report the present status of our nEDM
search by using the dynamical diffraction in a crystal with pulsed neutrons will be presented.

Primary author(s) : Mr. ITOH, Shigeyasu (Nagoya university)

Co-author(s) : Mr. NAKAJI, Masaya (Nagoya university); Mr. UCHIDA, Yuya (Nagoya
university); Dr. KITAGUCHI, Masaaki (Nagoya University); Prof. SHIMIZU, Hirohiko (Nagoya
University)

Presenter(s) : Mr. ITOH, Shigeyasu (Nagoya university)

94



PPNS 2018 Grenoble Performance of the upgraded ultracold neutron source . . .

Performance of the upgraded ultracold neutron source
at Los Alamos National Laboratory

The ultracold neutron (UCN) source at Los Alamos National Laboratory (LANL), which uses
solid deuterium as the UCN converter and is driven by accelerator spallation neutrons, has
been successfully operated for over 10 years, providing UCN to various experiments, as the first
production UCN source based on the superthermal process. It has recently undergone a major
upgrade. We will describe the design and performance of the upgraded LANL UCN source and
discuss new opportunities it enabled in fundamental neutron physics.
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Upgrade of the ultracold neutron source at the pulsed
reactor TRIGA Mainz

At the pulsed research reactor TRIGA Mainz, a high-density ultracold neutron (UCN) source
has been installed to perform a precision measurement of the neutron lifetime using a novel
3D magnetic storage (τSPECT). The superthermal UCN source uses a combination of solid
hydrogen (premoderator) and solid deuterium (converter) to moderate thermal neutrons to
UCN with energies < 200 neV [1]. In a recent source upgrade, the UCN yield has been increased
by a factor of 3.5 providing a UCN density of 8.5 cm−3 in a typical storage volume of V ≈ 32
litres [2]. The improved cooling system owing to a permanently-installed He liquefier allows
reliable measurement periods of 4 x 3 weeks per year. The upgrade further comprises the use of
highly-polished stainless steel neutron guides offering significantly better transmission. Moreover,
the acceptance of back-reflected UCN could be improved by sputter-coating the converter cup
with a non-magnetic 58NiMo alloy. In this
[1] J. Karch et al., Eur. Phys. J. A (2014) 50: 78. [2] J. Kahlenberg et al., Eur. Phys. J. A
(2017) 53: 226.
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Neutron Transition Magnetic Moment and Neutron
Lifetime

In the paradigm that free neutron can be transformed into the mirror neutron the existence of
neutron Transition Magnetic Moment (TMM) should be a natural assumption. We will discuss
neutron TMM in relation to UCN storage and neutron lifetime problem.
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Measurement of the neutron lifetime with τSPECT

The decay of the free neutron into a proton, electron and antineutrino is the prototype of
the semi-leptonic weak decay and plays a key role in particle physics and astrophysics. Nowa-
days, a discrepancy of several seconds between measurements using cold neutron beams and
measurements using stored ultracold neutrons (UCN) exists. The storage of UCN in material
vessels suffers from wall loss mechanisms leading to large systematic errors. A full magnetic
storage of UCN aims to avoid these systematic limitations and is expected to reach the final
accuracy of < 0.3 s in the lifetime of the neutron. This and radially stored using a combination
of superconducting and permanent magnets. To determine the neutron lifetime, two individual
methods will be used: Detection of the survived UCN after storage and the decay protons during
the storage period. This storage experiment benefits greatly from the upgraded UCN source at
the pulsed TRIGA reactor Mainz [2, 3]. In an early measurement, the storage of UCN using the
longitudinal magnetic field and radial wall storage was successfully demonstrated [1]. Currently,
the commissioning of the first phase is ongoing, in which a full magnetic storage of UCN along
with in-situ detection is planned.
[1] J. Karch, Ph.D. thesis, http://nbn-resolving.de/urn:nbn:de:hebis:77-diss-1000016406 (2017).
[2] J. Karch et al., Eur. Phys. J. A 50, 78-88 (2014). [3] J. Kahlenberg et al., Eur. Phys. J. A
53, 226-236 (2017).
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Development of a High Intensity Ultracold Neutron
Source at TRIUMF

Ultracold Neutrons (UCN) are extremely slow neutrons which have a kinetic energy below
several hundred neV. As a consequence, UCNs are totally reflected at the surface of certain
materials and can be confined in a material bottle. Using this unique property, UCNs are
used for various experiments such as neutron electric dipole moment searches, neutron lifetime
measurements, gravity experiments, and other. In order to improve the statistical uncertainty of
those experiments a high intensity UCN source is required. The TUCAN (TRIUMF Ultra-Cold
Advanced Neutron source) collaboration has been developing a high intensity UCN source on
a dedicated proton beam line at TRIUMF. The UCN source is composed of a combination of
a spallation neutron source and a superfluid helium UCN converter. First UCN production
succeeded in November 2017 at TRIUMF.
Following the success, further improvement of the UCN source aiming for a world highest
intensity is planned. Key components of the improvement are a new helium cryostat to remove
high radiation heat from the superfluid helium UCN converter and thus allow for higher proton
beam currents on the spallation target. Furthermore a liquid deuterium moderator shall be
added in order to get a higher cold neutron flux at the location of the converter. In this
presentation, the current status of the development of these components and their expected
performance of the improved UCN source will be discussed.
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Optical behavior from epithermal to ultra-cold
neutrons

Most of fundamental physics experiments with low energy neutrons are based on the optical
behavior of the neutron wave. In general, the optical treatment allows us to consider the
interactions in the material as an averaged potential when the lattice constant is much shorter
than the wavelength of neutron. The applicability of the optical treatments for today’s extremely-
high precision measurements should be discussed. Disordering of the interaction points with
the similar scale of neutron wavelength and/or finite coherency of neutron beam may cause
non-negligible systematic uncertainties.
Now we are discussing new approach to particle physics with neutrons, for example, searches for
the time reversal symmetry violation. In the case of search for electric dipole moment by using
neutron diffraction in a crystal, dynamical diffraction theory based on optics should be verified
carefully. And we also plan to measure T-odd correlation terms in neutron resonance reaction,
which requires optical treatments for discription of propagation of epithermal neutron beam
through a target material with finite thickness. Epithermal neutron optics must be established
by experimental studies. In the presentation, we will discuss neutron optics including the range
from epithermal to ultra-cold neutrons and the feasibility of our experiments at J-PARC.
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Neutron Decay and Dark Matter

The neutron life-time plays an important role, both in cosmology and particle physics. Beam
and storage experiments yield results with a significant deviation. A recent publication shows
the possibility to explain this effect by proposing a decay of the neutron into a dark matter
particle. One of the proposed decay channels is n→ χ+ e+e−, where χ is a dark matter particle
with a mass similar to mass of the neutron. We are currently re-analysing data taken by the
PERKEO II experiment at the ILL in 2003/04, dedicated to determination of the electron
asymmetry parameter A . Since the experiment is sensitive to the proposed decay mode, we
explore the possibility to set limit for this branching fraction. With this Poster we will present
the status of the analysis.
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Measurement of the angular distribution of prompt
gamma-rays emitted from 117Sn(n, γ) reaction for

T-violation search

CP-violation is necessary to explain that there are few antiparticles in the current universe.
CP-violation has been observed experimentally in Kaon decay and B meson decay. However,
it is not enough to explain the current universe. P-violations are enhanced in the several
compound nuclear reactions by a factor of 106 compared to the proton-proton scattering. These
enhancement effects occur at a p-wave resonance located at the tail of a s-wave resonance. This
enhancement mechanism is theoretically explained as the interference between p- and s-wave
resonances. In the compound nucleus which has the enhanced P-violation, it is theoretically
predicted that CP-violation could be also enhanced. Considering the CPT theorem, it implies
that T-violation could be enhanced. This theory predicts that the magnitude of T-violation is
proportional to that of P-violation. However, the proportionality coefficients of several nuclei
have not been measured yet. It is thought that the proportionality coefficient is determined
by measuring the angular distribution of prompt gamma-rays emitted from compound nuclei.
The experiments to select the candidate nuclei for T-violation search are carried out at the
neutron beamline ANNRI in J-PARC MLF. The very high intensity neutron beam and 22
Germanium detectors are available at this beamline. In order to determine the proportionality
coefficient of 117Sn which is a candidate for T-violation search due to the fact that it has the
large P-violation, we measured the (n, γ) reaction of 117Sn. As a result of detailed analysis,
the angular distribution of prompt gamma-rays emitted from compound states of Sn has been
observed significantly.
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A Potassium magnetometry based current source for
the nEDM experiment at PSI

A permanent electric dipole moment of the neutron (nEDM) would be a new source of CP
violation. This could shed some light on beyond standard model physics (BSM). BSM models
predict an nEDM in the range 10−27 – 10−29 e cm, while the standard model prediction is much
lower, around 10−31 e cm. The search for an nEDM and the setting of new limits on its value is
done with the Ramsey method of time separated oscillatory fields. This method requires a very
stable and well known magnetic field B0 during the measurement.
The stability of the B0 field in our experiment at the Paul Scherrer Institute (PSI) depends
on many factors: the shielding factor of the magnetic shield, the performance of the active
field stabilization, local magnetic contaminations and temperature. However, the stability of
B0 will be limited fundamentally by the current source which feeds the B0 coil. For our next
generation nEDM experiment, called n2EDM, we are building an ultra-stable current source
based on atomic magnetometry.
The idea is to use a commercial very low noise current source and to stabilize its output via a
feedback loop. This feedback loop will be installed outside of the nEDM experimental volume.
A dedicated coil will be placed in series to the main coil of the experiment. In this dedicated
coil, Potassium magnetometers will monitor drifts in current through drifts in the magnetic field.
The feedback loop will correct for such drifts thus stabilizing the output current.
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Search for exotic coupplings in Free Neutron Decay

BRAND experiment aims at simultaneous measurement of up to eleven correlation coefficients
in free neutron decay in a single detection setup. This unprecedented attempt is focused on
maximal sensitivity to the exotic, scalar and tensor part of weak interaction. It will take
advantage from the most intense polarized cold neutron beam available at ILL and relies on
successful implementation of large solid angle electron Mott polarimeter, combined with position
sensitive detection of protons from neutron decay.
Results of feasibility studies of some of key components of the first prototype being prepared for
the test at ILL will be presented.
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The new apparatus for an increased sensitivity search
for the neutron EDM at the PSI ultracold neutron

source

*on behalf of the nEDM collaboration at PSI
The next big step in sensitivity improvement in the search for an electric dipole moment of
the neutron at the Paul Scherrer Institute, Switzerland requires a new apparatus – ‘n2EDM’ –
which is currently under construction by the nEDM collaboration. In a first step we have a goal
sensitivity of 1x10-27 ecm, an improvement of a factor of 10 with respect to our collected data
with the previous spectrometer. The design of the new apparatus and its status of preparation
will be discussed together with the UCN source, which already achieved the necessary long-term
performance.
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Neutron scattering cross section of Diamond Nano
Particle

Diamond nano particle (DNP) is expected to be a new neutron reflector material because it
has huge scattering cross section due to its form factor [1,2]. In recently, chemically-pure and
uniform-sized DNP can be provided inexpensively, hence application of DNP as neutron reflector
takes on a reality. The scattering cross sections are approximately calculated by using Born
approximation, and the cross section will be enhanced 10˜1,000 than that of single 12C nucleus
in low-q region less than 1 nm−1.
Higher packing density is important for use as neutrons reflectors. Generally, DNP is powdery
with bulk density of ˜0.5 g/cm3. We succeeded to increase the bulk density up to 1.1 g/cm3 by
applying pressure of 150 MPa. We will report the results of measurements of the differential
cross section using J-PARC BL21(NOVA) for powdery and bulky samples, comparing with its
particle size measured by TEM imaging.
1 V. Nesvizhevsky et al., Nucl.Inst.Meth. A 595 (2008) 631.
2 V. Nesvizhevsky et al., Materials 2010, 3, 1768.
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Searching for Mirror Neutron Oscillations

Baryogenesis requires baryon number violation. Neutron to mirror-neutron oscillations 1 is one
such process. Two separate groups [2, 3] performed experiments in search of mirror-neutron
oscillations and reported having found no evidence. The limit set on the oscillation time was
τnn′ > 414 s (90\% C.L.) at mirror magnetic field, B′ = 0. Furthermore, it was shown that
when the results of these two experiments were further analyzed [4], statistically significant
signals for mirror-neutron oscillation in presence of a mirror magnetic field were found. The
current leading constraint of τnn′ > 12 s (95\% C.L.) over 0 ≤ B′ ≤ 12.5µT [5] does not exclude
these signals [6]. The PSI nEDM collaboration performed a series of experiments to test these
signals and the latest results of this new effort will be presented.
[1] I. Yu. Kobzarev, L. B. Okun, and I. Ya. Pomeranchuk, Sov. J. Nucl. Phys. 3, (1966) 837.
[2] G. Ban et al., Phys. Rev. Lett. 99 (2007) 161603.
[3] A.P. Serebrov et al., Phys. Lett. B 663 (2008) 81.
[4] Z. Berezhiani, Eur. Phys. J. C 64 (2009) 421.
[5] I. Altarev et al., Phys. Rev. D 80 (2009) 032003.
[6] Z. Berezhiani et al., arXiv: 1712.05761 (2017).
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UCN detectors at the Los Alamos UCN source

Since the first observation of ultracold neutrons (UCN) new techniques tailored to their ob-
servation have relied on their unique properties[1-3]. At the Los Alamos UCN source we have
developed detectors guided this foundational work. In this talk we will describe the techniques
we have developed and are using in our current set of experiments, UCNt, SNSEDM, UCNEDM,
and UCNA+. The methods include 3He proportional detectors[4], 10B lined proportional
detectors[5], 51V activation detectors[6], and 10B coated ZnS scintillators[7,8].
[1] V. I. Lushchikov, Pokotilo.Yn, A. V. Strelkov, and F. L. Shapiro, Jetp Letters-Ussr 9, 23
(1969). [2] A. Steyerl and H. Vonach, Zeitschrift Fur Physik 250, 166 (1972). [3] J. Robson and
D. Winfield, Physics Letters B 40, 537 (1972). [4] C. Morris et al., Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment 599, 248 (2009). [5] D. Salvat et al., Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 691,
109 (2012). [6] A. Saunders et al., Review of Scientific Instruments 84, 013304 (2013). [7] Z.
Wang et al., Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment 798, 30 (2015). [8] C. Morris et al., arXiv
preprint arXiv:1610.04560 (2016).
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Status Update of NoMoS

We present a new method of spectroscopy, utilizing a drift effect to disperse charged particles in
a uniformly curved magnetic field. The curved field results in a drift of the charged particles
perpendicular to the radius of the curvature and to the magnetic field, which is proportional to
the particle’s momentum. A spatial-resolving detector will determine the momentum spectra.
The first realization, called NoMoS (Neutron decay prOducts MOmentum Spectrometer), will
measure correlation coefficients in free neutron beta decay to test the Standard Model of
particle physics and to search for physics beyond. Currently, the focus is on the design and the
construction of the magnet system.
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A high spatial resolution cold/ultracold neutron
detector using �ne-grained nuclear emulsion

We developed a new type of cold/ultracold neutron detector that can realize a spatial resolution
of less than 100 nm using nuclear emulsion technique. The detector consists of a thin converter
layer formed on a silicon substrate and a fine-grained nuclear emulsion coating. The converter
layer consists of 10B4C (50 nm thick), NiC (60 nm), and C (30 nm) layers. The fine-grained
nuclear emulsion consists of 35-nm-diameter silver bromide crystals and gelatin. When a neutron
is absorbed by a 10B in the converter layer, an α-particle and a 7Li are emitted to the opposite
direction. One of them enters the emulsion layer and will be detected as a track. Positions of
individual neutrons can be determined by extrapolating secondary particles’ tracks into the
10B4C layer. The detector was exposed to cold and ultracold neutrons (UCNs) at the J-PARC.
Detection effciencies were measured as (0.16± 0.02)% and (12± 2)% for cold and ultracold
neutrons, respectively. The results were consistent with the 10B content in the converter layer.
The spatial resolution of incident neutrons was estimated using positions of silver grains forming
tracks. It depended on angles of tracks and was in the range of 11-99 nm in the angle region
of tan θ ≤ 1.9, where θ were angles between tracks and the normal direction of the converter
layer. The achieved spatial resolution corresponds to the improvement of one or two orders of
magnitude compared with conventional techniques and it is comparable with the wavelength of
UCNs. The detector will be a powerful tool in precision measurements of the neutron motion in
the gravitational field, searches for short-range forces and neutron’s electric charge, and so on.
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Measurement of the angular distribution of γ-rays
from neutron-induced compound states of 139La for

T-Violation Search

Parity violating effects enhanced by up to 106 times compared to proton-proton scattering have
been observed in several neutron induced compound nuclei. This P-violating effect occurs at a
p-wave resonance located at the tail of an s-wave resonance and is theoretically explained as
interference between an s-wave and a p-wave amplitudes (s-p mixing). There is a theoretical
prediction that T-violating effects can also be enhanced in these nuclei under the assumption
of the s-p mixing implying that T-violation can be searched for by making very sensitive
measurements on the compound nucleus. However, the enhancement mechanism of the P-
violation has not yet been studied well, and a more detail investigation is needed. In order to
study the enhancement mechanism, the angular distribution of the (n,γ) reaction was measured
with 139La, which is a possible candidate nucleus for the T-violation search due to its large
enhanced P-violation, by using a high-quality germanium γ-ray detector assembly and a very
intense neutron beam at J-PARC. Resulting from this measurement, a clear angular distribution
of γ-rays from the p-wave resonance was found. The angular distribution was analyzed within
the framework of the s-p mixing, and the ratio of the partial p-wave neutron width to the
neutron width in the entrance channel of the compound nucleus was determined. This result
provides the basis to study the enhancement mechanism of P-violation in the compound nucleus.
Moreover, the enhancement of T-violation in the compound nucleus was quantified using the
results, and the experimental sensitivity of the T-violation search using 139La was also discussed.
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A novel broad-band neutron spin �lter based on
dynamically polarized protons using photo-excited

triplet states

The use of polarized protons as a broad-band neutron spin filter is an attractive alternative
to the well-established neutron polarization techniques, namely polarized 3He gas and super
mirrors, since the spin-dependent neutron-proton scattering cross section is large in a broad
wavelength range.
At present we are pushing the development of a novel neutron spin filter where we create the
necessary large proton polarization in a solid with a recent method of dynamic nuclear polarization
(DNP) that uses photo-excited triplet states. This requires only moderate experimental means
and allows a compact design.
Thorough investigations of the fundamental processes provided the necessary knowledge to
choose the optimum experimental parameters for the polarization process. Record polarization
values of 80% can now be achieved in pentacene doped naphthalene crystals at a field of 0.36 T
using a simple helium flow cryostat for cooling. Furthermore, careful sample preparation leads
to extremely long polarization decay times of more than 800 h that allows operating the filter in
“frozen spin mode”, switching off the DNP pumping.
The filter device has been operated in several long term experiments as spin analyzer in small
angle neutron scattering, as well as primary beam polarizer. In the latter application the filter
has been integrated in a neutron optics focus and de-focus guide system that increased the
actual sample cross section by a factor 35 corresponding to an effective spin filter cross section
of 18× 18mm2.
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Current Status of the Proton Asymmetry
Measurement with Perkeo III

We present details on the ongoing data analysis for the determination of the proton asymmetry
in neutron beta decay with Perkeo III. The measurement was perfomed at the beam site PF1B
of the ILL in 2014/2015. This first direct measurement using a pulsed neutron beam and a
proton retardation system will improve the first indirect measurement of the proton asymmetry,
which has been performed with the predecessor Perkeo II. Measuring the proton asymmetry
allows searches for physics beyond the V-A theory of the Standard Model when combined with
measurements of other correlation coefficients of neutron beta decay.
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Oscillating ultra-cold neutrons spectrometer

Fundamental neutron physics provides a variety of observables rich in information, but difficult
to access or even inaccessible in other sectors of particle physics. The energy spectrum of ultra-
cold neutrons (UCN) is very often a key point to determine the systematic effects in precision
measurements utilizing UCN. The proposed novel method allows the in-situ measurements of the
UCN velocity distribution and its time evolution. In addition, the proposed UCN spectrometer
can be a handy diagnostic tool for monitor the spectrum in critical places in the UCN transport
system connecting an UCN source with experiments. In the presentation, we will show the
preliminary results from the measurements using the oscillating UCN spectrometer at the PSI
UCN source.

Primary author(s) : ROZPEDZIK, Dagmara (Institute of Physics, Jagiellonian University in
Krakow, Poland)

Co-author(s) : BODEK, Kazimierz (Institute of Physics, Jagiellonian University in Krakow,
Poland); LAUSS, Bernhard (Paul Scherrer Institute, Villigen, Switzerland); SCHMIDT-WELLEN-
BURG, Philipp (Paul Scherrer Institute, Villigen, Switzerland); ZSIGMOND, Geza (Paul Scherrer
Institute, Villigen, Switzerland)

Presenter(s) : ROZPEDZIK, Dagmara (Institute of Physics, Jagiellonian University in Krakow,
Poland)

114



PPNS 2018 Grenoble First measurement of the free neutron bound beta dec� . . .

First measurement of the free neutron bound beta
decay hydrogen atoms at a high �ux beam reactor

throughgoing beam tube

Using a Bradbury Nielsen Gate-chopper, the mono-energetic bound beta decay metastable H
atoms, generated at the center of a throughgoing beam tube, are selected and transformed with
high efficiency (>10%) into H- ions within an Ar cell. After extraction from the beam tube
using a pulsed electric deflector, the H- are measured by means of an MCP detector. Although
the bound beta decay branching ratio is small (4 ·10−6), the experiment seams feasible (several
counts/s rate).
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UCN supersource at WWR-M reactor development

The WWR-M reactor at PNPI is going to be equipped with an high flux UCN supersource.
Method of UCN production is based on their accumulation in the super fluid helium due to
particular qualities of that quantum liquid. As a result of optimizing the source parameters, the
UCN density in the EDM spectrometer ρ35l = 1.3× 104 cm−3 was obtained. The density of the
cold neutron flux (2-20 Å) at the output of the neutron guide with a cross section of 30x200
mm2 is 9.7× 107 cm−2 s−1. The flux density of very cold neutrons (50-100 Å) at the output
of a neutron guide with a cross section of 30x200 mm2 is 8.3× 105 cm−2 s−1.The possibility
of maintaining the temperature T = 1.371K with a thermal load of P = 60W was shown
experimentally, while the theoretical load is expected to be P=30W. The project envisages the
development of experimental stations on UCN beams such as searching for the nEDM, measure
the neutron lifetime, and the observation of neutron to antineutron oscillation. In addition of
three beams of cold and verycold neutrons are planned. At present, a vacuum container of the
UCN source has been manufactured and the manufacture of low-temperature deuterium and
helium parts of the source has been started.
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Status of the Pulsed Neutron Beam EDM Experiment

As a prequel for the novel pulsed neutron beam electric dipole moment (EDM) experiment,
we have designed a smaller scale proof-of-principle experimental apparatus. The experiment
represents a novel method to search for a CP-violating neutron EDM which is complementary to
the current standard using ultracold neutrons. The setup consists of a set of aluminum cubes on
which a neutron beam Ramsey setup and diverse neutron beam optics elements can be mounted.
In particular, it features a 2D-CASCADE neutron detector capable of performing high-flux
measurements with great time resolution; an actively stabilized homogeneous magnetic field
region and, eventually, high-voltage electrodes inside a vacuum chamber. In the setup and its
inner workings, as well as the progress achieved in the construction of its final form.
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ANNI � A cold neutron beam facility for particle
physics at the ESS

Pulsed beams have tremendous advantages for precision experiments with cold neutrons. In
order to minimize and measure systematic effects, they are used at continuous sources in spite
of the related substantial decrease in intensity. At the European Spallation Source ESS these
experiments will profit from the pulse structure of the source and its 30 times higher peak
brightness, making novel concepts feasible. Therefore, the cold neutron beam facility for particle
physics ANNI was proposed as part of the ESS instrument suite. The proposed design has been
re-optimized to take into account the final ESS cold moderator layout. The considerations, the
optimized instrument parameters and performance as well as expected gain factors for several
reference experiments.

Primary author(s) : SOLDNER, Torsten (Institut Laue-Langevin)

Co-author(s) : Prof. ABELE, Hartmut (Atominstitut TU Wien); KONRAD, Gertrud; Prof.
MÄRKISCH, Bastian (TU Munich); PIEGSA, Florian (University Bern); Dr. SCHMIDT, Ulrich
(Universität Heidelberg); Dr. THEROINE, Camille (ESS & ILL & TU Munich); Mr. TOR-
RES-SÁNCHEZ, Pablo (University of Granada)

Presenter(s) : SOLDNER, Torsten (Institut Laue-Langevin)

118



PPNS 2018 Grenoble Search for neutron-hidden neutron interbrane transitio� . . .

Search for neutron-hidden neutron interbrane
transitions with MURMUR, a new high precision

passing-through-walls-neutron experiment

Multi-braneworld universe is at the heart of many scenarios of physics beyond the Standard
Model. It is then an important concern to constrain these scenarios which allow for experiments
below the GeV scale. MURMUR is a new neutron-passing-through-walls experiment designed
to constrain neutron-hidden neutron transitions in the context of braneworlds scenarios. As
our visible Universe could be a 3-brane embedded in a multidimensional bulk, adjacent hidden
3-branes are often expected. Their existence can be constrained as matter exchange between
braneworlds must occur with a swapping probability p. A neutron n can convert into a hidden
neutron n’ when scattered by a nucleus with cross section σ (n→ n′) ∝ σE (n→ n)× p, where
σE is the usual elastic cross-section. Hidden neutrons could therefore be generated in the
moderator medium of a nuclear reactor, where a high flux of neutrons undergoes many elastic
collisions. Being located in another braneworld, these hidden neutrons would interact very
weakly with matter and freely escape the reactor out of the biological shielding. However, the
reverse swapping process could permit to detect them close to the reactor – with efficiency also
proportional to p – thanks to a material able to regenerate hidden neutrons into visible ones. A
low-noise neutron detector allows the detection of the reappearing neutrons to constrain p and
the physics behind. All the theoretical and technological keys of this experiment installed at the
nuclear research reactor BR2 (SCK·CEN, Mol, Belgium) are introduced.

Primary author(s) : Mrs. STASSER, Coraline (Université de Namur) for the MURMUR
collaboration

Co-author(s) : Dr. SARRAZIN, Michaël (Université de Namur); Prof. TERWAGNE, Guy
(Université de Namur)

Presenter(s) : Mrs. STASSER, Coraline (Université de Namur) for the MURMUR collaboration

119



PPNS 2018 Grenoble Search for anomalous decay of the free neutron using . . .

Search for anomalous decay of the free neutron using
the UCNA experiment: n → χ + e+ + e−

The neutron lifetime is currently measured by two different types of experiments: ‘beam’ and
‘bottle’. These two measurement techniques have a 4σ discrepancy in measured lifetime. A recent
paper by Fornal and Grinstein proposes to resolve this issue by introducing a dark sector particle,
χ, that could offer an alternative decay channel for the neutron. This decay channel could resolve
the discrepancy since beam experiments measure final decay products and bottle experiments
measure remaining neutron population. The proposed theory allows for a e+e− pair produced
in addition to a hypothesized χ. The UCNA (Ultra Cold Neutron Asymmetry) experiment
has sensitivity to this particular decay signature, since it would appear as a mono-energetic
peak over a standard β decay spectrum. In this experiment, polarized neutrons decay in a trap
and their charged products are guided by a 1T magnetic field to detectors on either side, thus
effectively giving 4π detection coverage. Timing information and energy reconstruction is done
on each β decay. We use results from the UCNA experiment’s 2012-2013 dataset to set limits on
the branching fraction of this decay channel. In the case of a candidate e+e− pair, the summed
reconstructed energy from both sides is used to set limits on the branching ratio of this decay
channel, as a function of the mass of the hypothesized χ. In this talk, we give an overview of
the calibration process and present the limits on a neutron dark decay channel set by the UCNA
experiment.
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Development of a Caesium Magnetometer Array for
the n2EDM experiment

The n2EDM experiment aims at searching for the neutron electric dipole moment dn, with at
least an order of magnitude higher sensitivity than previous efforts. The systematic uncertainties
affecting the measurements must be even better understood and controlled than in its predecessor
nEDM experiment. The appearance of a false dn (∆dfalse

Hg→n
) due to the different motional

magnetic fields seen by the neutrons and Hg atoms of the comagnetometer is one of the most
challenging obstacles. This study is aimed at developing a Cs-Magnetometer (CsM) array to
measure the magnetic field in the experiment to a high enough precision and accuracy to control
the associated systematic in the order of ∆dfalse

Hg→n
< 5× 10−28 e.cm. The requirements, features

and limitations of such an array are here presented.

Primary author(s) : Mr. VICENTE PAIS, Duarte (Paul Scherrer Institut) on behalf of the
nEDM collaboration

Presenter(s) : Mr. VICENTE PAIS, Duarte (Paul Scherrer Institut) on behalf of the nEDM
collaboration

121



PPNS 2018 Grenoble Study of neutron fundamental properties in the perfect . . .

Study of neutron fundamental properties in the
perfect crystal optics and di�raction

A review of crystal-diffraction methods for the neutron fundamental properties study will be
presented.

1. The features of neutron optics in crystal without center of symmetry will be discussed.
Recently strong electric interplanar fields have been discovered, which affect the neutrons
moving in noncentrosymmetric crystals. Value of the field can reach about 109 V/cm and
experimentally measured value for quartz crystal is ∼ 108 V/cm. Such fields give rise for
a new method of a search for the neutron electric dipole moment (EDM). The accuracy
of this method is expected on a level ∼ 2 · 10−26 e cm for the available quartz crystals
and can reach about ∼ 2 · 10−27 e cm for the BSO crystal and the “storage” variant of
the setup. Moreover, a new effect of neutron spin rotation due to hypothetic CP-violating
short-range pseudomagnetic nucleon-nucleon interaction arises in non-centrosymmetric
crystal. That give us a possibility to get a best direct constraint on the parameters of
such interaction for the range λ < 10−6 m.

2. The possibility to develop ultra-precise neutron spectroscopy using Laue diffraction in
perfect crystal will be discussed. The prototype of two-crystal experimental setup was build
and two-crystal focusing effect in Laue diffraction was studied. The sensitivity of ultimate
setup to external force applied to the neutron can reach values of σ(Fext) ∼ 10−17eV/cm=
10−8mng. Such ultra-precise spectroscopy technique could be used for a broad range of
experiments:

3. Neutron electric charge experiment;

4. A test of the equivalence principle;

5. Neutron scattering amplitudes measuring;

6. Crystal quality studying.

This work is supported by the Ministry of Science and Education of the Russian Federation
(program 3.3838.2017 / 4.6)
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3D Printed Magnets for Neutron Spin Manipulation

In neutron interferometry components that are inserted into the beam inside of the interferometer
are critical for the general performance.
One type of such objects are called spin manipulators or flippers and are used to apply changes
to the direction of the neutrons spin.
State of the art for such components are small coils, usually in an Helmholtz arrangement [1].
During operation the constant electric current in these coils is generating heat. Therefore the
spin manipulators have to be water cooled. Otherwise it would not be possible to keep the
temperature in the interferometer stable. Despite the cooling efforts, this quasi heat source
directly inside of the neutron interferometer is always a source of error in the experiments.
We present the realization of a novel idea for such a spin manipulation devices. At the core is a
magnetic polymer that can be 3D printed [2]. So it was possible to realize the needed shape for
the magnets. These shapes were designed with the help of FEM methods, particularly inverse
stray field computation and topology optimization. Due to the passive nature of the device, we
expect an improvement in the accuracy and stability of the interferometry results
If the distance between four specially designed magnets is varied the magnetic field can be
almost continuously adjusted. A special holding apparatus was engineered to do this automated
and with high precision. We present the results of our first measurements with a prototype of
the new spin flipper on a beam of polarized neutrons.
Currently a neutron interferometer experiment is in progress to demonstrating the 4π symmetry
of the wave function [3] using this newly developed spin manipulator.
[1] Nucl.Instrum.Methods.Phys.Res.A. 763: 417-423 (2014)
[2] Appl.Phys.Lett. 109: 162401 (2016)
[3] Physics Letters A 54, 425 (1975)
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Scintillator for UCN detectors

An ultracold neutron (E<200 neV) bouncing over a flat surface is a case of a simple one dimen-
sional quantic well, where the vertical energy of the neutron is quantized. The characterization
requires position sensitive detectors, which are being developed at LPSC/CRPMN by deposing
thin layers of 10B as conversion layer over ZnS scintillators.
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Measurement of P-Violation of 139La for T-Violation
search

Large P-Violation in compound nuclei has been observed by using a polarized neutron beam.
The enhancement of P-Violation is theoretically explained by mixing between neutron partial
waves in compound nuclei.
The enhancement of T-Violation in the nuclear reaction is also predicted by using the same
mechanism.
It is necessary to experimentally verify the partial wave mixing in compound nuclei.
The mixing of the partial waves in compound nuclei can be verified by measuring (n γ) reaction.
We have already measured the La(n,γ) reaction with unpolarized neutron beam precisely.
On the other hand, verification using polarized neutrons has not been done.
We have constructed polarized neutron beam line by installing 3He spin filter into J-PARC MLF
BL04.
The P-Violation of 139La was confirmed by using the polarized neutrons successfully.
We estimated the sensitivity for verification of partial wave mixing in compound nuclei.
In this presentation, we will discuss the measurement of P-Violation of 139La and future plans.
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Extraction of UCN energy spectra from high
resolution storage curves

Several systematic effects in high precision experiments with ultracold neutrons (UCN), for
example in searches for the neutron electric dipole moment (nEDM), strongly depend on the
energy spectrum. Extracting spectra of stored UCN has always been very challenging. In this
presentation we will discuss different approaches made by the nEDM collaboration based at PSI
for the determination of the UCN spectrum in the experiment chamber. We compare results
obtained from high resolution storage curves, UCN spin echo analyses and R-curve measurements
of the neutron center-of-mass offset. Emphasis will be put on presenting a numerical approach
of detailed modelling of storage curves by means of Monte Carlo simulations.
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