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Nathan Callahan

MEASUREMENT OF THE NEUTRON LIFETIME USING TRAPPED ULTRACOLD

NEUTRONS

The neutron lifetime is of interest in cosmology and searches for beyond the Standard Model
physics. Measurements in the past 2 decades have disagreed signi cantly. Measurements using
trapped ultracold neutrons (UCN) have been recently re-analyzed with new assessments of
systematic e ects, moving the average by 6 . Additionally, a second type of lifetime experiment
measuring decay-in- ight protons in a cold neutron beam disagrees with bottle measurements by
4 . This tension motivates UCN , a bottle lifetime experiment that is not susceptible to the
large corrections of previous bottle experiments. UCN uses a magnetic eld from a Halbach
array to levitate UCN of energy < 50 neV. These neutrons are counted using a prompt in situ
detector which is capable of gathering spectral information. In this work, analysis of a 0.7 s
statistical uncertainty dataset is presented. The e ects of pileup, deadtime, and backgrounds
were investigated. Limits are placed on shifts due to depolarization during holding,
position-dependent backgrounds, phase space evolution, and deadtime. A Monte Carlo model is
developed which reproduces the short holding time dataset. This simulation uses 5 parameters to
describe the spectrum of UCN in the experiment and the detector. The model is used to estimate
the size of shifts due to uncleaned UCN and UCN heated by microphonic vibrations.
Additionally, novel superconducting trap geometries are studied via Lyapunov exponents. A trap
which is almost completely chaotic is sought, which has guaranteed cleaning behavior due to the
ergodic nature of chaotic orbits. Using these methods, UCN has made a measurement of

n=877.9 s 0:68 s(stat.) 0:3 s(sys.).

Chen-Yu Liu, Ph.D. (Chair)
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CHAPTER 1

THE NEUTRON, BIG BANG NUCLEOSYNTHESIS, AND THE

STANDARD MODEL

1.1 ABOUT THE NEUTRON

The neutron and its decay is a simple but powerful laboratory to study many scales of physics
from the particle physics to cosmology. Neutron decay gives access to two important parameters
in the Standard Model: V,q (which describes quark mixing via the CabibboKobayashiMaskawa
matrix) and  (or ga=gv;gv = 1, the zero-momentum axial vector form factor over the vector
form factor which describes the interior of the neutron). Studying the neutron lifetime and decay
correlations allows measurements of these parameters and veri cation of the Standard Model.

These parameters can also be used to predict the primordial helium abundance after the Big Bang.

1.2 HISTORY OF THE NEUTRON AND ITS LIFETIME

The neutron was discovered by Chadwick in 1932 [2]. Chadwick discovered that a new type of
highly penetrating radiation (neutrons) were produced in certain nuclear reactions. Initially, it was
thought that the neutron could be a bound state of a proton and an electron. However, Chadwick
further determined that the neutron mass was greater than the proton mass, which opened the
possibility for it to decay. The rst observation of the neutron lifetime was by Snell et. al. in
1948 [3] by observing proton decay-in- ight in a neutron beam. They measured ,, 1800 s (about

1000s too long). This began a long tradition of continually more precise , measurements.
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Figure 1.1: Lifetime Measurements through the ages.

Historically, two major methods have been used to measure the neutron lifetime, colloquially
known as beam methods and bottle methods. shows the history of neutron lifetime
measurements by year from 1990. Historically, the earlier measurements have tended towards
higher lifetimes and have, through the years, gradually decreased.

There have been several signi cant changes in the average value calculated by the Particle Data
Group (PDG). The most recent was a shift from ,=885.7 0.8 s to 880.1 0.1 s between 2010 and
2012 (approximately 6 ) due to reassessment of the large corrections in bottle measurements [4].

The modern disagreement between beam (888.0 2 s) and bottle (878.1 0.5 s) measurements
is 4.4 . The bottle measurements (weighted sum of bottle measurements used in the PDG value
along with the measurement presented here) are on average lower than beam experiments (Yue’s
and Byrne’s), which is the direction expected if there were unaccounted for loss mechanisms in
bottle lifetime measurements.

The two di erent classes of experiments are also fundamentally di erent. Bottle experiments

are disappearance experiments, where the de cit of neutrons is measured after storing samples for



di ering time intervals. Beam experiments measure the appearance of protons in the beam, and
are therefore only sensitive to the branching ratio to protons. In principle, a consistent and well-
measured di erence between the two experiment types could point to either a missing systematic
e ect, or new physics. The goal of this work is to study a bottle-type experiment and assess the

systematic e ects present.

1.3 BOTTLE MEASUREMENTS

Historically, bottle measurements were made using material bottles, where ultracold neutrons
(UCN) are stored in a bottle and contained by interacting with the walls via the strong force .
The potential is on the order of 100 neV, so neutrons with low enough energy can live in the
bottle for long periods of time. With careful bottle construction, the loss lifetime on the walls can
exceed the decay lifetime. However, the loss is energy and temperature dependent, leading to
corrections to the measured trap lifetime.
A prototypical bottle experiment is given in Serebrov et. al. [5]. UCN are loaded into a trap via
a neutron guide. The trap is rotated so that neutrons can enter via the open top. After saturation
density is reached in the trap, the trap is rotated so that its open top is higher than the bottom
and UCN can be trapped by the walls and gravity. High-energy UCN are allowed to escape and
the UCN are then stored for varying holding times. The trap can be again rotated to be emptied
into a detector below the trap that is obscured initially by a valve.
The lifetime in the trap can be measured using the ratio of UCN at 2 di erent holding times:
= t=log(Ns=N;) where t is the time di erence between 2 population measurements, Ng is
the number of UCN counted after a short holding time, and N, is the number of UCN counted
after a long holding time. A distinction is made between and . The former is the trap

loss @nd the latter is the free neutron lifetime. If the source is su ciently

lifetime 1= 1+
stable, the ratio will cancel out the e ciency of counting and initial population sizes making bottle

experiments relative measurements. Deviations in the ux of the neutron source can be accounted



Author stat. [S] sys. [S] Extrapolation [s] Method

Arzumanov 2015 [|§|] 0.64 3.6 40-280 Bottle
Steyerl 2012 \| 1.4 7 >200 s Bottle
Pichlmaier 2010 1.3 1 110-300 Bottle
Serebrov 2005 0.7 0.4 10-20 Bottle
Yue 2013 [l§|] 1.2 1 2-15 Beam
Byrne 1996 3 5.9 - Beam

Table 1.1: A selection of neutron Lifetime experiments with systematic corrections and approximate

extrapolation scales

for by normalizing to the ux for Ns and N;.

A key feature of material bottle traps is the ability to vary the collision rate, . The neutron
lifetime can be measured by measuring the trap lifetime as a function of and extrapolating to zero
collision rate. The Serebrov experiment used di erent sized traps as well as spectral preparation
to vary the collision rate. By inserting a di erent trap geometry, the surface area to volume ratio
is changed and therefore the total collision rate of UCN. Additionally, UCN are emptied from the
top of the vessel by rotation. This allows spectral information to be extracted from the counts,
so can also be measured at di erent UCN energies. The nal value of  is the extrapolation
(whether via geometry or spectrum or both) to zero collision rate.

The trap lifetimes measured in the Serebrov experiment were between 874-863 s, meaning an
extrapolation of 10s from the mean trap lifetime. Historically, this is a small correction; some
bottle experiments had extrapolations higher by an order of magnitude. The extrapolation size
and systematic corrections for the collection of | results appearing in the PDG can be found in
[Table 1.7 These are rough estimates of the sizes based on reported numbers.

The dominating systematic uncertainty is the extrapolation down to zero collision rate using
calculated values of for the 2 traps. was calculated by assuming a spatial density and energy

spectrum in the trap and integrating the ux onto the walls . The uncertainty in the ex-



trapolation was estimated via simulations by doing the extrapolation on similar geometries to the
experiment and measuring the ability of the extrapolation to reproduce the Monte Carlo lifetime
n:mc- Their estimate for the accuracy of the extrapolation was 0.236 s. Additionally, the loss

probability per bounce is energy dependent, which contributes about half as much uncertainty.

1.4 BEAM MEASUREMENTS

Beam measurements use neutron beams to measure . A prototypical beam experiment is given
in Nico et. al. . In this experiment, a cold neutron beam passes through a proton trap. Some
fraction of cold neutrons decay in ight into protons and are trapped. The neutron beam then
passes through a ux monitor which measures the total number of neutrons per unit time. After
a collection period, protons are allowed to exit the trap and are accelerated into a proton detector
where they are counted. By comparing the proton detection rate to the neutron rate, the lifetime
is obtained via n, NMP

One problematic element of the experiment is that the edge of the trap is not well de ned. To
avoid this problem, the trap is made of several segments. By doing the experiment with di ering
number of segments, the proton rate as a function of trap length can be calculated instead. The
change in trap length is then measured instead of the ducial volume of the trap itself.

The quantities measured are also absolute: one needs to measure the neutrons with a known
e ciency and the protons with a known e ciency. Large systematic uncertainties can come from
calibration of the neutron and proton detectors. The initial measurements by Nico et. al. (re ned
in Yue [9]) had corrections of several seconds in positive and negative directions and a systematic

uncertainty of 2.7 s due to the e ects of beam shape on the neutron detector and the composition

of the detector. An extrapolation of 2-15 s also has to be made for backscattering on the proton

detector [12].



1.5 MAGNETIC BOTTLES

Magnetic bottles were initially proposed by Vladimisrkii [13]. UCN also interact with magnetic

elds and if their spin is properly aligned, will be repelled by high elds (so-called "Low Field
Seekers™). Due to their low energy, UCN can adiabatically follow magnetic elds and maintain
their polarization in the local eld direction. Additionally, a neutron gains roughly one neV of
energy per cm in Earth’s gravitational eld, allowing low-energy UCN to be totally con ned inside
a magnetic trap. Magnetic bottles allow neutrons to be stored without material losses, eliminating
the need for extrapolation to zero collision rate.

The use of magnetic elds to trap UCN eliminates the wall loss, but also typically adds other
systematic e ects that need to be studied carefully. In magnetic bottles, it is possible for the
UCN to depolarize during storage. A depolarized UCN will be lost into the magnetic walls as it is
attracted to high elds. Typically, magnetic bottles are open on top; high-energy UCN can escape
if not eliminated before storage. Elimination of high-energy UCN is di cult because wall re ections
do not scatter di usely into phase space unlike material bottles where there are substantial di use
re ections. This causes slow equilibration in phase space and therefore slow removal of high-energy
UCN. Finally, if UCN gain any energy during storage they can also leave the trap, lowering the
lifetime.

A magnetic bottle experiment has already been conducted . This experiment used cylindri-
cally symmetric trap where neutrons were loaded from above via a cylindrical lift that eliminated
untrappable neutrons during the Iling procedure. The lift adiabatically lowers a neutron popula-
tion into the trap for storage. This experiment measured ,=878.3 s 1.6 s(stat.) 1.0 s(sys.), in
good agreement with previous bottle experiments. This experiment needed a correction of 3.7 s in

order to correct for losses incurred due to spin ips during storage.



1.6 , AND THE PRIMORDIAL HELIUM ABUNDANCE

The aim of Big Bang Nucleosynthesis theory (BBN) is to predict the conditions of the early universe
using the Standard Model and statistical mechanics. BBN theory can predict the primordial helium
abundance, Yp. Y, can be predicted in BBN theory as well as measured experimentally [15]. The
neutron lifetime, , is used several places in the standard BBN model and the uncertainty in the
Yp prediction is dominated by the uncertainty in . A sketch of the BBN theory is reproduced
below to show schematically where , is important and how its uncertainty a ects Y.

The beginning of the universe was hot and dense. Eventually, protons and neutrons formed
out of the primordial soup. Their numbers were kept in equilibrium by several nuclear reactions
(nN+e"Bp+Ve,n+veBp+e ,n ¥ p+e +V,). The latter is neutron decay and has a
cross-section / 1= . The other reactions are also proportional to 1= . Eventually, the universe
will reach a temperature where the rate of the rst 2 interactions will fall to a point where only one
interaction is expected in the momentary age of the universe. This is the freezeout temperature,

given in terms of the e ective number of neutrino degrees of freedom, Ny, and the neutron lifetime

n by [15]

Te /7 (22 + 7N,)F8 1= (1.1)

Neutrons and protons were, until this temperature is reached, in equilibrium. However, after
this period the ratio of neutrons to protons is frozen, and only the last reaction (neutron decay)
plays an important role. Initially after T¢ is reached, the universe is too hot to form nuclei so the
neutrons present will  decay freely. Eventually after a time ty, nuclei are able to form and almost
all neutrons are trapped in helium-4 atoms where they are stable. This gives the primordial helium

abundance as

2e ta= n
p 1+e M=kKTf’

(1.2)



where tq is the time where neutrons can freely decay before capture, m is the mass di erence
between the free neutron and free proton, and k is the Boltzmann constant.

This quick calculation gives Y,  0:22 which compares to Y, = 0:24709 0:00017 in state-of-
the-art calculations by Pitrou et. al. [16].

The sensitivity of Y, to the neutron lifetime is found to be  +0:72 =, . If the neutron
lifetime were to shift by 1%, it would shift the prediction of Y, by 5 . The beam-bottle discrep-
ancy stands at roughly 1%, so making accurate predictions of Y, needs accurate measurements of

n-

Observational studies of Y, can be made by extrapolating the helium abundance in low-
metallicity H Il regions down to zero metallicity [18]. H Il regions are di use matter largely
composed of hydrogen. Pitrou et. al. adopt a value of Y, = 0:2449  0:0040 based on a
regression of 16 objects including infrared lines . If the beam lifetime is used in the results from
Pitrou et. al. (viathe +0:72 = sensitivity), the predicted Y, is approximately 1 away

from the observational abundances.

1.7 THE STANDARD MODEL AND NEUTRON DECAY

The free neutron in the Standard Model is subject to decay via the weak force. Including the

e ects of radiative corrections, n, is given by

_ 4908:7(1:9)
" Vudi?(1 +3g3)’

(1.3)

which involves the CKM matrix element V4, and the zero-momentum axial vector form factor ga.
The CKM matrix describes quark avor mixing in the Standard Model.

Measuring Vyq is then possible by measuring both , and ga. The latter can come from
other decay observables, for example A, the correlation between the neutron spin and electron
momentum. Vq is of interest in searches of physics beyond the Standard Model (BSM); combined

with Vys and V, it measures unitarity of the CKM matrix



ckm = Vudj® + Vus” + Vui®  1; (1.4)

which is 0 in the Standard Model. ckm is sensitive to BSM left and right-handed couplings ,

which can be seen in the e ective eld theory value for Vg when considering free neutron decay:

Vudi®ingpev =jVudi® 1+2Re( L+ r )

# 15
11(Xo) 6 2 ¢

1
+ — Re 12 Re c
gske s grRE T lo(xo) 1+3 2

1+3 2

where is the e ective coupling beyond the standard model for =L;R;S;P;T for left-handed,
right-handed, scalar, pseudo-scalar, and tensor interactions. Similarly, g for = S;P;T;V;A is
the zero-momentum form factor for the previously enumerated, vector, or axial vector interactions.
Io(Xo) and Ij(Xg) are phase space integrals. The constant ¢ depends on how (= ga=gv) is
extracted (for example via A).

Current precision determinations of ckwm constrain new physics at around 11 TeV energy
scale. Low-energy searches for | + g +  are competitive with high-energy searches for this
signal.

Measurements of Vyq using , and are currently not as precise as 07 ¥ 0™ nuclear decay
measurements [22]. However, both are subject to similar radiative corrections as in
[1.3] Additionally, extraction of V,q from superallowed decay experiments are subject to nuclear
structure uncertainties [20]. This makes measuring n» and an attractive way to provide a second
measurement of V4. In order to become competitive, , needs to be measured to 0.3 s precision

and A=A to about 0.1% precision [21].



CHAPTER 2

UCN INTERACTIONS

2.1 UCN OVERVIEW

Ultracold neutrons (UCN) are neutrons with energies below a few hundred nanoelectronvolts (neV).
UCN interact with matter via the strong force (giving rise to material potentials), with magnetic
elds and gravitationally. Additionally, UCN undergo decay via the weak force. In an interesting
quirk of nature, these interactions all have similar magnitudes of U = Eycn. The material inter-
action with bulk matter provides a potential of a few hundred neV. The potential of a UCN in a
magnetic eld in the adiabatic approximation is 60 neV per Tesla. A UCN in Earth’s gravitational
eld loses about an neV per cm of height. Finally, the decay lifetime is around 15 minutes, allow-
ing storage of neutrons for tens of minutes and for measurements of their decays. This con uence
of interactions allows UCN to be easily trapped inside material bottles or magnetic bottles, and to
be guided from sources of UCN to experiments. [f]
The di culty with UCN then becomes detection: they are uncharged so the best way to detect
them is to destroy them via absorption and subsequent production of charged particles. UCN
can only be tracked in detail by integrating their equations of motion in simulations and the only

experimental information available is their time and place of death.

IThe interested reader is guided to the book by Golub, Richardson and Lamoreaux, upon which this section and
the next are based . That text lays out the formulas | present here and gives more detail of their derivation, more
examples, and a description of UCN experiments conducted at the time. | will give here only relevant results used in

later chapters.

10



2.2 UCN INTERACTION WITH MATTER

Neutrons can interact with matter via the strong force. The scattering of a neutron on a single

nucleus can be written using an e ective potential (the Fermi potential):

Ug = 27~2a (3)( ) (2.1)

where a is the scattering length of the nucleus, is the reduced mass of the neutron nucleus system,
and =r rq. Values of a are usually experimentally determined and can be positive or negative.

When dealing with an ensemble of nuclei where the nuclei can be assumed to not recoil instead
of a single nucleus, the total e ective potential can be written as

22X

V(r) = 2 aj (r nry: (2.2)

i
Assuming an incident wave and treating multiple scattering gives an e ective potential in the

Schrodinger equation of

vin=2"

[an(r)]; (2.3)

m
where a is the bound coherent scattering length and n is the number density of nuclei.

gives a simple interaction of UCN with a wall; if a UCN comes from the vacuum
and impinges on a material it will see a step function potential. The magnitude of this potential is
a few hundred neV or less (and even negative for some materials). The interaction is easily treated
by assuming a plane wave and by demanding continuity of the wavefunction and its derivative.

The amplitude of the re ected wave from the material boundary is

— k kO-

R‘|<+|<0’

(2.4)

where k; k® are the wavenumber before and after the potential. R is 1 in the case of a real potential
and E, <V.
In the case of absorption where the reverse process is not likely, can be replaced

with a complex potential where the imaginary part describes the absorption in the material.
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[tion 2.4 will describe the re ection amplitude, taking into account complex k and U:
- X .
U=V +iw=V+ iE N; Oy (2.5)
i
where N;j is the number density of the absorber, | is the loss cross section and v is the velocity
of the neutron. For nuclear absorption, the loss probability is proportional to 1=v and there is no
energy dependence of the imaginary part of the potential.
This model can be amended for more complex surfaces such as thin Ims easily. In this case, the
continuity of the wavefunction is imposed across all of the boundaries, giving a re ection amplitude

R from the surface. The re ection amplitude is

Mo

R = : 2.6
Vs (2.6)
where M = My ::: M>M; and
2 3
1.1+ gitkn 1 kn)zn (1 g ikn 1+kn)zn
M, = L4l * me ¢ 5 @7
2 @ p)eikn atknzn (14 e ikn 1 kn)zn
where =Kk, 1=kn, and z, is the position of the nth barrier.

If the real potential is known and the loss cross section is also known, the re ection probability

is then easily obtained.

2.3 UCN INTERACTION WITH MAGNETIC FIELDS

Neutrons are spin 1=2 particles and see a potential from magnetic elds of

V= B; (2.8)

where is the neutron’s magnetic moment.
For UCN, their motion is so slow that the precession frequency is much faster than the rate of
change of the B eld. In this adiabatic condition, the spin tends to keep aligned (or anti-aligned)

with the local eld and the interaction then becomes

V= IBj (2.9)
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where the + or  is given by anti-alignment or alignment of the eld and the neutron’s spin.
While UCN tend to remain polarized with or against the local eld, this is not always the
case. Special eld con gurations can induce UCN to ip their polarization (between attraction
towards high elds to repulsion towards high elds), or lose their polarization during normal storage
conditions. The former is useful for conditioning of UCN and the latter is a potential source of

loss in magnetic traps.
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CHAPTER 3

SOURCES OF UCN

3.1 SOURCES OF UCN

The spectral density of neutrons in thermal equilibrium in a moderator will be given by a Maxwell
distribution:

2
(v)dv = Z—OV—Zexp( v2= 2)d—v; (3.1)

where g is the input ux to the moderator, = pm’ and v is the velocity.

The density in phase space peaks at low values of v and declines as v gets higher. As a
consequence of Louiville’s Theorem, in a conservative potential the phase space density for a group
of particles cannot be increased. Therefore, the concentration of UCN cannot be increased by
raising an ensemble of neutrons in height or by re ections from moving objects. In equilibrium,
the only way to increase the density of low energy neutrons is to decrease temperature.

Loss mechanisms can a ect extraction as well. Neutrons exiting a material will gain energy,
and there are loss processes inside the moderator which a ect the extraction e ciency of UCN. In
these cases, it can be more e cient to extract a higher energy group of neutrons from a moderator
and cool them in a controlled way into an experiment [23].

Gains in phase space density can be made if the neutrons are not in thermal equilibrium with
the moderator. In this case, the density can be enhanced above thermal equilibrium density. Take,
for example, a 2-level system with ground state Eycn and an excited state Eycn + . In this

system, neutrons of energy Eycn+  can lose  in energy and become UCN, or UCN can interact

14



and gain in energy and leave the UCN range. Using the principle of detailed balance, the

up-scattering (leaving UCN energies) cross section is given by

E +
N " _exp( =ksT) (Eucn+ ¥ Eucn): (3.2)
Eucn

(Eucn ¥ Euen+ ) =

If the down-scattering cross section does not depend on temperature, then the upscattering
cross-section will be suppressed exponentially with lowering temperature. The rate of UCN pro-
duction will be higher than the rate of UCN loss and the saturation density will be increased
signi cantly compared to steady-state moderation only.

Deuterium can be used as a superthermal source . In the case of deuterium, the system has
more than 2 levels, but the same idea that the down-scattering production rate can be enhanced
at low temperatures applies. The production rate can be calculated with knowledge of the phonon
spectrum of deuterium for example in [25].

The lifetime in deuterium is relatively short (a few hundred ms), limiting the saturation density
at constant input ux. However, if the input ux is pulsed at higher intensities and lower duty
cycles, this can be mitigated [26]. In such a source, UCN can are produced from deuterium
during an intense beam pulse. These UCN are then sent to the experimental volume where the
lifetime is signi cantly longer than in the deuterium. During periods where no UCN are produced,
the deuterium is closed o from the experiment; the UCN now are lost with the lifetime of the

experiment and not the deuterium. Pokotilovski estimated that a source built this way could see

an order of magnitude or more improvement over UCN sources that were currently in operation.

3.2 LOS ALAMOS NEUTRON SCIENCE CENTER UCN SOURCE

The ultracold neutron Source currently installed at the Los Alamos Neutron Science Center (LAN-
SCE) is a superthermal solid deuterium source using spallation neutrons. Data taken in the
2016-2017 run cycle uses the most recent source upgrade . Data taken in the 2015-2016 run

cycle uses a previous source iteration [28]. Spallation neutrons are produced from an 800 MeV
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pulsed proton beam at 9 A average current impinging on a tungsten target. These neutrons
are moderated by a polyethylene moderator at 45 K. Cooled neutrons then interact with a solid
deuterium crystal of about 1.5 L in volume to create UCN.

During a beam pulse ( 1), UCN are guided out of the source past a butter y valve. After the
proton pulse is turned o for 10 s, the butter y valve is closed and the UCN only interact with
the guides out of the source. The guide system consists of a vertical extraction guide of height 1 m
coated in 8Ni, which has a material potential of 335 neV. UCN are then guided horizontally out
of the biological shield via a 6 m guide coated with Nickel Phosphorus with a material potential of
213 neV [29]. Neutrons are then passed through a gate valve (GV) which can separate the source
from the downstream experiments.

UCN are then guided through a pre-polarizing magnet (PPM). The PPM is a 6 T supercon-
ducting magnet inline with the beam. UCN which are in a high- eld seeking spin state will be
accelerated through the magnetic eld and are typically passed through a foil that separates the
source vacuum from the experimental vacuum. UCN in a low- eld seeking spin state do not have
enough energy to penetrate the 6 T magnetic eld so do not pass into the experimental volume.

The upgraded UCN source was capable of producing 39 UCN/cc in a prototype cell coupled
after the polarizing magnet. Densities in the Los Alamos UCN lifetime experiment are signi cantly
reduced from this (approximately 0.05 UCN/cc inside the trap) due to spectral conditioning and

additional guiding of UCN.
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CHAPTER 4

HARDWARE OVERVIEW

UCN is a neutron lifetime experiment using magnetically and gravitationally trapped ultracold
neutrons. A schematic drawing of the UCN apparatus is given in [Figure 4.1]

UCN exit the biological shield in a horizontal guide coming from the source. UCN can interact
with several pinhole detectors for monitoring. During the 2016-2017 run cycle there were 3 such
monitors: the rst-generation 1°B coated ZnS:Ag UCN monitor (called the old monitor or OL), and
2 paired 1B coated ZnS:Ag monitors. The characteristics of °B coated ZnS:Ag UCN monitors are
detailed in An aluminum foil is placed in the pinhole of one of the paired detectors.
The foil monitor is abbreviated AL, and its twin is the bare monitor or BA. These 3 monitors
are called gate valve monitors. These monitors count hundreds UCN per second during UCN
production and have a background on the order of mHz.

UCN can then pass through a gate valve. This gate valve can open or close the guide exiting
the biological shield. The gate valve is operated via compressed air and is typically only open
during the UCN lling procedure.

After the gate valve, UCN pass through the pre-polarizing magnet (PPM) described in
0.2

After passage through the PPM the UCN are polarized in a high- eld seeking state (since only
UCN attracted to high elds can pass through the 6 T magnetic eld). The spins need to be ipped

in order to be trapped inside the magnetic bottle. Spin ipping is done via an adiabatic fast passage
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Figure 4.1: Block Diagram of UCN . Key: M: Monitor Detector, GV: UCN Gate Valve, PPM:
Pre-Polarizing Magnet, AFP: Adiabatic Fast Passage Spin Flipper, TD: Trapdoor, Cat: Catdoor,

GC: Giant Cleaner, AC: Active Cleaner, Dag: Dagger Detector

spin ipper (AFP). The AFP uses an RF eld in addition to a monotonically decreasing magnetic

eld to reverse the polarization of UCN [30]. In a rotating frame at the RF frequency ! about the
beam direction, the magnetic eld sweeps from aligned along the beam in one direction to being
aligned in the opposite direction. The UCN spin will follow this change in direction adiabatically
going from being aligned to anti-aligned with the beam. In the lab frame, the UCN will go from
being aligned to anti-aligned with the monotonically decreasing eld.

The AFP needs to be tuned such that the combination of RF eld and magnetic eld gives the
resonant condition. In the 2015-2016 and 2016-2017 datacycle, the spin ipper was tuned by Xxing
the frequency at 1=372 kHz and tuning the current in the monotonically decreasing Bg coil. The
rate is monitored in either a detector which passes only high- eld seeking UCN (via an iron foil)
or by monitoring the rate of the dagger detector inside the trap which acts as a large spin Iter.
Tuning is discussed further in [Section 12.1]

After ipping in the AFP, UCN then enter a tee in the guide system. A monitor is placed on the
upper portion of the vertical guide at a position above the top of the trap. The height ensures that
only UCN above the trapping potential are counted (and therefore lost). The vertical monitor, or

the standpipe (SP), is a large area detector with the same cross-section as the guide. This monitor
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uses the same °B coated ZnS:Ag technology as the gate valve monitors. The standpipe counts
signi cantly more UCN than the pinhole monitors and is used as one of the main monitor detectors
in normalization. The standpipe monitor counts a few thousand UCN per second.

The other direction of the tee guides UCN to a 3-way transition junction. The transition region
consists of a copper box with a copper plate (the catdoor) that can rotate and select the direction
for UCN to travel. The plate can be in 3 positions: at 45 which allows UCN to be guided with
limited losses into the trap, horizontally which allows UCN to view a 5th detector, and vertically
which allows the bottom portion of the Halbach array (the trapdoor) to move into position. A 5th
10B coated ZnS:Ag UCN monitor is placed at the downstream termination of the guide system
and is called the downstream monitor. The downstream monitor counts approximately an order
of magnitude fewer UCN than the gate valve monitors, except when the copper plate is actuated
where UCN are freely able to be counted during transition.

UCN are guided into the trap through a copper box and past a transition region where a

15 cm square piece of the Halbach array is removed. During the Iling procedure, UCN are free
to enter or leave the trap and build up to a saturation density determined by the draining time of
the trap, approximately 70 s.

There are 2 spectral cleaners inside the trap: A large-area cleaner (approximately half of the
trap) with a polyethylene surface and an active cleaner made of a 1°B coated ZnS:Ag UCN monitor.
The former is known as the giant cleaner and the latter the active cleaner. Polyethylene has a
negative UCN potential and a high cross-section for upscattering UCN and is therefore e ective
at eliminating UCN which impinge on its surface.

Both the giant and active cleaners can be retracted; the giant cleaner can be retracted by
approximately 5 cm. The height of the giant cleaner was determined by lowering the dagger
detector to match the height of the cleaner. The height was compared using a laser level and was
determined to be approximately 38 cm from the bottom of the trap. The height of the active and

giant cleaners were also checked in the same way and were found to be matching.
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The dagger detector is a slab of plastic covered with °B coated ZnS:Ag UCN monitors on
either side. The pro le of the bottom is matched to the pro le of the Halbach array so that it can
be inserted into the bottom of the trap. The detector can be raised or lowered between 1 cm to
49 cm from the bottom of the array. In the lowest position the detector drains the trap population

with a time constant of 7 s.
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CHAPTER 5

TRAPDOOR

5.1 TRAPDOOR ACTUATOR SYSTEM

The trapdoor actuator system can be seen in Shown is the electronics portion of the
assembly consisting of a servo motor, several drives, power supplies, and an electronics box. The
main gear assembly can be seen in [Figure 5.1b] A worm rotates the large gear and the rotation
is turned into linear actuation via 2 arms in a reciprocating motion. The trapdoor only needs to
travel between completely plugging the array and completely withdrawn from the UCN volume.
The worm drive only rotates between limited angles and up and down motion is obtained by
running forwards or backwards. Cutouts prevent the shaft from being driven too far in either
direction.

A Parker Compax3S drive controls the servo motor. The drive was programmed using the
IEC61131-3 standard.

The trapdoor system also controls and actuates a copper plate (called the catdoor) which selects
the geometry of the UCN transition region. UCN enter into a copper transition region at beam
height and are either directed upward towards the trap, into a downstream detector and upwards,
or back to the source. In the rst 2 con gurations, the plate forms a geometry where UCN do not
see the trapdoor. The copper plate is actuated via a stepper motor and monitored using hardware
switches at the 3 positions.

The catdoor stepper motor is driven by a discrete logic box. Microswitches were placed so that
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(a) Trapdoor control electronics (b) Trapdoor gear mechanism

Figure 5.1: Trapdoor as installed at Los Alamos National Laboratory

they were pressed when the catdoor was at its lling, dump, or up positions. The electronics reacts
to the state of the microswitches and state of the Compax3S controller to drive the catdoor. A
simpli ed block diagram of the catdoor electronics is given in

The catdoor electronics box takes 6 inputs: 3 switches ( I, dump, up), travel direction, latch
reset, and enable. The travel direction, latch reset, and enable are digital outputs from the Com-
pax3S and controlled in software. The box outputs either a square wave or LOW. The square wave
causes the stepper motor to advance one step per pulse.

When the Compax3S resets the latch, Q goes HIGH. If the enable is also HIGH, the AND
evaluates to TRUE and the square wave is passed through the second AND gate. If the enable
were to be driven low, the AND gate would evaluate to false, and no square wave would be
generated.

When any one of the switches is pressed, the nal OR output will be driven HIGH. The step
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Figure 5.2: Block diagram of catdoor electronics
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Figure 5.3: State diagram of the trapdoor software

pulse triggers the monostable multivibrator to create a single timed pulse into the set pin of the
latch, driving Q LOW. When Q is LOW, the rst AND is evaluated as FALSE and no square wave
is generated.

The Compax3S can then enable the catdoor to rotate until it hits a switch at which point it
stops. The system is moved into the desired state by commanding the catdoor to move until the

correct switch is pressed.

5.2 TRAPDOOR SOFWARE

The Compax3S controller was programmed as a state machine. The state diagram is given in
[Figure 5.3
The software consists of several transitional initialization states, four con gurational states
(catdoor up/down/ Il and trapdoor down or catdoor up trapdoor up), and a single absorbing
error state. Once in the error state the unit will not respond to further transition requests until it
is power-cycled.
When the unit is powered on, it is in the default state. The program can only transition into
a homed or error state. The apparatus can be homed via a manual homing program. The homing
nds a set position in the trapdoor travel by locating the edge of a switch. Once in the homed

state it can proceed to one of the 4 main states or to the error state.
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Cat Trap Error

1 1 The catdoor engaged at the up position but has fallen o the switch
1 0 One of the limit switches has been pressed

0 1 There was a following error (slipping in gears or coupler)

0 0

The error was none of the above

Table 5.1: Compax3 digital output error table

Once in a main state, the apparatus can only transition to other main states or the error state.
The software is noti ed of a transition request via RS232 communication or hardware signals. The
software determines how to move the catdoor and trapdoor to safely transition the system into the
new state. If an error occurs during transition the system will go to the error state.

Errors occur from the rmware (power conditions, servo performance, temperature, etc.) or in
software (inconsistencies in the state or status of switches). The former are part of the Compax3S
rmware and are not controlled or modi ed in any way. The latter are programmed in software.

The software is able to stably operate for several days or weeks after successful homing. The
most common cause of failure was degradation of the worm/wheel interface causing servo tracking
errors. Periodic lubrication (approximately monthly) mitigates the servo tracking problems.

The Compax3 was also con gured to generate 2 signals that indicate catdoor or trapdoor
movement respectively. These signals are sent to the DAQ and recorded during the run so that
the times when the actuator moves is known. In the event of an error, the outputs encode some
information, given in Additionally, 2 inputs to the unit were used to allow hardware
signals to request transitions. Three unique combinations (low/high, high/low, high/high) are used
to command the trapdoor to 3 unique states. This feature was unused at the time of writing.

The trapdoor is commanded from a Linux PC. A server program runs on the PC independently
of the UCN experiment control program. The control program sends requests to the server pro-

gram which communicates directly with the trapdoor controller via RS232. Because the Compax3S
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software acts as a state machine, the server program does not need to do any error checking or

keeping of state.
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CHAPTER 6

GIANT CLEANER

The giant cleaner is the primary way in which high-energy UCN are removed from the experiment.
A rendering of the giant cleaner hardware can be seen in The hardware was designed
by Walt Fox and was rst installed during the end of the 2015-2016 run cycle. The height was
discovered to mismatch with the original small cleaner; the cleaning height was lowered to be
approximately 38 cm from the bottom of the trap during the subsequent shutdown period. Small
stando s were machined (not pictured in rendering) and attached to the aluminum structure that
holds the polyethylene at the 3 mounting points. The cleaner was designed to move at least 5 cm
upwards at the end of the cleaning time to avoid cleaning during storage time.

The actuator is a Nook Industries CC Series Compact Cylinder screw drive. The stock motor
was replaced with a stepping motor so that the actuation could be controlled more easily. The screw
has a lead distance of 0.2" per revolution, the Nook drive has an 18:1 gear ratio, the stepper motor
has a 4000 count per revolution encoder, and the stepper motor travels 1690000 encoder counts
between the raised and lowered position. This moves the shaft 4.69" which should correspond to
moving the giant cleaner approximately =5 cm up and down.

The Nook drive was con gured from the factory to be used with a DC motor. The limit switches
were factory con gured to bypass a diode such that the circuit path is interrupted when a limit
switch is pressed. The limit switches were instead taken out of the diode circuit and act as limit

switches only.
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Figure 6.1: Rendering of the giant cleaner. A: Polyethylene surface, B: Mounting bracket, C:

Vacuum break, D: Linear actuator

The bottom limit switch was chosen to act as a homing position. During startup, the drive will
move until the switch is pressed. Software limits of 1% on either end were chosen so that the limit
switches were not pressed during normal running.

Repeatability was only measured with the stepper motor encoder. The limit switch was reached
with an error of approximately half a percent which would correspond to 20 m di erence if the
coupling was direct. Friction may cause a larger di erence in the cleaner height, but the cleaner
height repeatability was not measured directly.

The cleaner software consists of a Python server which accepts commands from the control
system and forwards them to the giant cleaner. The software uses the Applied Motion SCL
command language. Initially, the drives were commanded to actuate by the number of steps only
and did not use the encoder. Future versions of the software were programmed to use the encoder
to check the nal position.

Movement commands were programmed to immediately take e ect. The drive is also capable

of queueing commands and popping o the queue on external triggers. A software position limit
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is imposed in the Python server, but is not enforced on the drive. The Python software keeps a

persistent state so that it knows where to command the cleaner.
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CHAPTER 7

OVERVIEW OF UCN ANALYSIS

The following analysis is a detailed account of one of the three independent analyses performed on
the data taken in 2016-2017 in the UCN experiment [31]. The lifetime can be measured in one
simple equation, only needing the sum of counts in long and short runs. The di culty of analysis
lies in ensuring that the sum of UCN in long and short runs are compared on equal footing with
su cient accuracy. Loss of just 20 UCN out of 30000 over 1400 s can lead to a shift in lifetime of
0.4 s, which is an unacceptable shift in . The e ects of normalization and counting e ciencies
also need to not perturb the sum of UCN to similar precision.

The lifetime will be measured by taking the sum of UCN in paired short and long runs. A
lifetime will be calculated for each pair taking into account the source strength, counting e ciencies,
and backgrounds. The sums will come from either identi cation of individual UCN events or by
integration in current mode where each UCN is represented by tens of individual photons. These
individual lifetime values will then be averaged for a lifetime value for each run condition. These

averaged lifetime values will again be averaged for a nal, high-precision measurement of .

7.1 SYSTEMATIC EFFECT ANALYSIS

Systematic e ects come in one of 2 avors: direct loss of UCN during storage or distortions in the
sums. Loss mechanisms will be either measured via the data or simulated to place limits on the

shift in . UCN loss during storage can come from uncleaned overthreshold orbits, microphonic
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heating, depolarization, and residual gas upscattering.
E ects which distort the sums include normalization of the source ux, background subtraction,
pileup, deadtime, and phase space evolution. These e ects will be studied and limits placed on

them.

7.2 MISCELLANEOUS TASKS

Most of the running time is dedicated to production runs to measure ,. However, some portion of
runs were conducted to explore the operation of the UCN apparatus and to investigate systematic
e ects such as phase space evolution or detection e ciency. These miscellaneous run types are

investigated and interpreted. These runs typically do not yield a quantitative e ect on the lifetime.
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CHAPTER 8

UCN EVENT RECONSTRUCTION

8.1 ZNS:AG SCINTILLATOR

In the UCN apparatus, UCN are detected via an in situ scintillator-based detector [32]. The UCN
detectors used in the experiment consist of a ZnS:Ag screen prepared by Eljen Technology with
3.25 0.25 mg/cm? of phosphor coated in a thin (< 20 nm) layer of 1°B. The ZnS:Ag thickness
corresponds to 8 m if it were a pure crystal, but due to the polycrystalline nature would be thicker.
The ZnS:Ag is coupled to a PMT either directly in the case of monitor detectors, or via wavelength
shifting bers in a PMMA slab . In the latter case, the bers were fed into 2 separate PMTs
so that coincidence events could be constructed between them. UCN incident on the coated boron
surface easily penetrate due to the low material potential of 1°B and have a high probability of
capture (1°B has a 3835 barn cross section for thermal neutrons - compared to 1.1 barn for Zn
nuclei and 0.53 barn for S nuclei [34]) - in the 1°B(n; )’Li reaction. The absorption length of
UCN in the °B layer is 40 nm, which was chosen as a tradeo between absorption e ciency and
light collection e ciency. The decay products - either the , “Li ion, or both - penetrate the 1°B
layer and create scintillation light in the ZnS:Ag layer. The decay is back-to-back, so one particle
is guaranteed to be emitted towards the scintillator. In 96% of the decays, a is also produced,
but is neglected because the probability of interaction in the ZnS:Ag layer is small. Each UCN
that is absorbed on the surface then produces a burst of light that can be detected.

Initially, 7.5 to 9 10* photons are yielded from the ZnS scintillator isotropically during a
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UCN event . Half escape and half have a chance of entering the PMMA slab and interact with
the wavelength shifting bers. Photons that are absorbed in the bers are re-emitted isotropically
and conducted to one of 2 PMTs. In the end, roughly 20 photons are measured in the two PMTs
per UCN, meaning the collection e ciency is on the order of 1 per two thousand.

The light from the scintillation events in the detector can be measured by either summing the
total number of photons (called "singles™ analysis), or by nding coincidence events to determine
the number of UCN counted. In the former case, the number of UCN counted is never used. The
singles analysis is susceptible to large backgrounds which need to be measured for each run; the
coincidence analysis is less sensitive to backgrounds but needs deadtime and pileup corrections due
to the long emission time constant of the ZnS:Ag scintillation light.

The individual photons from the scintillation light are discriminated and counted in a Multi-
Channel Scaler unit which records the event times of each pulse it receives.

The light from ZnS:Ag has several time components: a short time constant and several longer
time constants. The scintillation time constant is commonly stated as 200 ns p. 238].

However, in our detector the ZnS:Ag also has long time components up to several microseconds as

can be seen in

8.2 COINCIDENCE IDENTIFICATION

Coincidence identi cation can improve the signal to noise ratio observed from UCN counting. When
the total sum of photons is measured, the backgrounds are around 1 kHz with a total number of
counts around 1 108. Measurement time is at least 100s, giving a signal to background of around
9:1. For coincidences, the background is around 100 mHz and the number of events is around
20000, giving a signal to background of around 2000:1. Due to the clumped nature of photons, the
statistical precision is equivalent between the two methods. However, the coincidence method is
superior when the expected signal is small (when looking for uncleaned UCN for example).

The large light output from the ZnS:Ag allows the creation of coincidence events to reduce
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background rate. Charged heavy ions produce about 1.3 times higher shaped pulses compared to
Nal: Tl crystals when viewed with a PMT directly , p 238]. Nal: Tl produces 38000 photons/MeV
for comparison. Coincidence between the 2 PMTs (a count in PMT 1 followed by a count in PMT
2 within some window) has high backgrounds from non-UCN particle events. A secondary cut on
the sum of photons in the tail is used to discriminate UCN events from backgrounds even further.

The algorithm used to identify UCN events is as follows:

Search for a coincidence between PMT 1 and PMT 2 within 50 ns

Sum the rst two counts plus all subsequent counts in PMT 1 and PMT 2 while the interar-
rival time is <500 ns

Take events where the sumis 8

If the event does not pass cuts, continue with the count after the rst count in PMT 1 or
PMT 2 that started the coincidence search

A variant can be done where instead of the "telescoping" window based on interarrival times,
a prescribed window is used. Step 2 is replaced by summing while the arrival time is <4000 ns
since the rst PMT 1 or PMT 2 event.

A coincidence event is displayed in[Figure 8.1} each photon count is a vertical line.
shows the long tail (tens of photon counts out to 10 s). The initial burst of short time constant
photons can be easily seen. shows a further zoomed in view of photon events. It can
be seen that this event satis es both coincidence algorithms. Two counts are found within 50 ns
of each other, and the sum where the interarrival time is less than 500 ns is easily more than 8.
In this case, the integration for the telescoping coincidence would end after 3 s because the next
count in PMT 1 or PMT 2 is =500 ns. The interarrival time is the time from a PMT 1 or PMT 2
event to the next PMT 1 or PMT 2 event.

A rough estimate of e ciency can be taken by measuring the coincidences between the main
UCN dagger detector and a separate cleaning detector which also views light from UCN events

in the dagger detector. The e ciency is estimated by dividing the coincidence rate between the
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Figure 8.1: Photon arrival times for a single UCN event

dagger and the cleaner by the rate in the cleaner.
This estimates the e ciency at 95%. That is, 95% of B decays that produce signi cant
amount of light are detected by the dagger. This does not account for UCN interactions with °B

which can further reduce e ciency of UCN counting.

8.3 BACKGROUNDS

Major sources of backgrounds in the PMT are PMT dark noise, non-UCN particle events, and
detector actuation. PMT dark noise is caused by thermionic emission of electrons which are
subsequently accelerated and counted; this is temperature dependent and 500 Hz per tube at
290 K. Non-UCN particle events come from muons, particles, etc. which create scintillation light
in the ZnS. Alternatively, particles could create Cerenkov light when passing through the PMMA
plastic which embeds the bers or through the bers themselves. The detector is actuated using

a stepper motor which has a switching power supply at 20 kHz which can broadcast EMI
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(electromagnetic interference) noise and cause triggering in the electronics chain.

Only particle events contribute signi cantly to coincidence backgrounds. Because the dark
noise has a low rate, there is very little probability that there would be an accidental coincidence
in the 2 PMTs (the dark noise is independent), in addition to 6 extra events within the integration
windows. This can be modeled simply with a Poisson process: the probability of a dark count
arriving within 50 ns of a previous one is 1  exp( 509 Hz O or apout 25 ppm. The probability
of 6 or more extra events could be approximated with a Poisson distribution with an expectation

of 1 kHz 4000 ns (the sum of the 2 rates over 4 s), or 1 (11000 Bz 200019 o § parts in

108, The combined probability is 1.5 parts in 10?2 for each 4050 ns; we could expect one event
per terasecond. The same is true for the 20 kHz noise; it could create initial coincidences because
the PMTs see the same source, but the interarrival time for 20 kHz noise is 50 s so it will not
contribute enough counts to pass the threshold.
The dark noise is time dependent from both ambient temperature uctuations and internal
uctuations due to heating of the PMTs during operation in the vacuum. [Figure 8.2shows the time
dependence of the dark rate. Due to the uctuations it is important to assess singles backgrounds
on a run-by-run basis. In the 2016-2017 data, the singles backgrounds were taken for each run at
either the end of the run (when available), or with the dagger at the cleaning height (where there
were no observable counts). The background counts were assigned Poisson uncertainties.
Backgrounds from particle events are position dependent. [Figure 8.3|shows position dependence
of background singles. For each run, the rate at di erent heights is subtracted from the rate at a
reference height (chosen to be the cleaning height of 380 mm). Some runs did not have background
segments at 10 mm and some runs did not have a cleaning check step. Additionally, a set of
background runs were taken in 2016 where the dagger was placed in 4 positions; another set of
background runs were taken in 2017 where the dagger was placed in 9 positions. The position
dependence could be caused by extra background particle events at higher heights. The rate

di erences were t to
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Singles Background Rate Stability
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Figure 8.2: Dark rate as a function of time in the experimental area. Runs come from several

months of data taking and several cycles of the vacuum system/detector electronics

R(h) = Ah?  A3807%; (8.1)

where A is the tted parameter, and h is the height of the dagger in mm. This forces the di erence
to be 0 at 380 mm. The N—DZF was 3 for the t to all data points below 380 mm. The errors in the
t were estimated by the MINUIT package via the ROOT data analysis framework.

Points above 380 mm were discarded for the t. Above the height of the cleaning check, the
geometry is signi cantly more complicated which could lead to a departure from the simple t
function. Additionally, the background at 490 mm is never used in the extrapolation for the
singles analysis so the t does not need to be accurate in that regime. For h < 380 mm, A =
8.0E-5 2:3E-6s ‘mm 2,

Coincidence backgrounds were observed to be stable throughout run segments. The rst data

set taken has a slightly lower background. For coincidence data, backgrounds were measured during

the long holding time for each pair and corrected for position dependence in the same way as the
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Position-Dependent Singles Background
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Figure 8.3: Position Dependence of singles background. Data comes from 4 sets - either dedicated

background runs or production runs in either 2016 or 2017.

singles data. shows the coincidence background from the holding time as a function of
time in the experimental area.

Coincidence backgrounds also were position dependent. To evaluate the position dependence,
the 4 step background runs were combined with backgrounds measured at the holding height during
long storage runs and at the bottom of the trap. Coincidence background rates showed an opposite
trend: background rates were higher at the bottom of the trap. A linear function was used to t

this data. [Figure 8.4 shows the t. The slope was found to be 5:1E-5 7:3E-6s mm 1.

8.4 DEADTIME

Due to nite discriminator width, deadtime exists in the detector for singles events. A nonpara-

lyzable deadtime correction is made [36} p. 122]:

(8.2)



Position-Dependent Coincidence Background
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Figure 8.4: Position Dependence of coincidence background. Data comes from 2 sets - 4 step

dedicated background run or production runs in 2017 and 2016.
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Figure 8.5: Coincidence Background Rate as a function of time.
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