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Ultracold neutron (UCN) storage measurements were made in a trap constructed from a 1.3 T
Halbach Octupole PErmanent (HOPE) magnet array aligned vertically, using the TES-port of the
PF2 source at the Institut Laue-Langevin. A mechanical UCN valve at the bottom of the trap was
used for filling and emptying. This valve was covered with Fomblin grease to induce non-specular
reflections and was used in combination with a movable polyethylene UCN remover inserted from
the top for cleaning of above-threshold UCNs. Loss due to UCN depolarization was suppressed
with a minimum 2 mT bias field. Without using the UCN remover, a total storage time constant
of (712 + 19) s was observed; with the remover inserted for 80 s and used at either 80 cm or
65 cm from the bottom of the trap, time constants of (824 & 32) s and (835 % 36) s were observed.
Combining the latter two values, a neutron lifetime of 7, = (887 £ 39) s is extracted after primarily
correcting for losses at the UCN valve. The time constants of the UCN population during cleaning
were observed and compared to calculations based on kinetic theory as well as Monte-Carlo studies.
These calculations are used to predict above-threshold populations of ~ 5%, ~ 0.5% and ~ 10~1?%
remaining after cleaning in the no remover, 80 cm remover and 65 cm remover measurements. Thus,
by using a non-specular reflector covering the entire bottom of the trap and a remover at the top of
the trap, we have established an effective cleaning procedure for removing a major systematic effect

in high-precision 7, experiments with magnetically stored UCNs.

I. INTRODUCTION

The mean lifetime of a free neutron, 7,, is a param-
eter of wide impact. It is used directly in calculations
of the primordial helium abundance from big bang nu-
cleosynthesis [TH3]. In combination with measurements
of neutron S-decay correlation coefficients, 7, can be
used to determine the weak interaction vector and axial-
vector coupling constants, Gy and G 4. These constants
are required for calculating solar and reactor neutrino
fluxes and their detection efficiencies [4], [5], as well as
in searches for beyond standard model scalar and tensor
semi-leptonic charged currents, probing physics at energy
scales beyond the TeV range [6H8]. These motivations
are described in the review papers on the field of neutron
particle physics [9, 0], on neutron S-decay [I1], and on
Tn specifically [12] [I3], as well as in the conference pro-
ceedings [14].

Ultracold neutrons (UCNs) are defined as having ki-
netic energy, Fy, below the neutron optical potential of
well-chosen materials (Uspy ~ 100 neV) so that they can
be stored for long periods of time in a “bottle”, in princi-
ple limited only by 7. The idealized reflection probabil-
ity |R|? off a material surface forming a step function of
height U, is a function of Ey | , the component of kinetic
energy associated with the velocity component perpen-
dicular to the surface. For Ei; < Ugpt, it is given by
[15]:
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where f = W/U,p, with W being the imaginary part
of the neutron optical potential. This expression is only
valid for f < 1 and Uype > 0.

UCNs stored in material bottles have been used in pre-
cise measurements of 7, [I6H2I]. However, full under-
standing of the interaction between a UCN and material
surfaces has so far been elusive. For many decades, the
observed f were often 2-3 orders-of-magnitudes larger
than predicted [15], which has been attributed to sur-
face contamination. More recently, “warming” of UCNs
(~ 1075 neV average per reflection) has been observed
as the source of the anomalous loss [22H24] with quasi-
elastic scattering off capillary waves on liquid-walled sur-
faces or reflections from magnetic domains as the mech-
anism [25] 26]. However, to this day, measurements on
solid surfaces with low contamination and at low temper-
atures still produce order-of-magnitude higher loss rates
than expected [27H29].

To eliminate material losses when extracting 7, these
experiments are usually performed with bottles of differ-
ent volume-to-surface ratios, assuming the same coating
properties, and then extrapolated to an infinite neutron
mean free path. This method has been demonstrated
to be difficult to do: an initial 5 standard deviation (o)
disagreement between the currently published most pre-
cise results, [19] and [20], required a reanalysis of the
former’s systematic effects some 12 years later in order
to reach agreement [30]. Also, as pointed out recently,
there is a 3.8 o disagreement between 7, measurements
with material bottles and those done with cold neutron
beams [3TH33], suggesting there are unknown effects in
either set of experiments. This motivates the need for 7,
measurements using magnetic traps.



Neutrons in a magnetic field B have a potential en-
ergy Umag = —fin- B = £ (60.3neV T~1)|B|, where fi, is
the neutron’s magnetic moment. Thus, it feels a Stern-
Gerlach force, ﬁmag = fﬁUmag, allowing one spin-state,
the “low-field seekers”, to be reflected and confined by
magnetic field gradients. The magnetic storage of UCNs
was first proposed by [34] some 50 years ago, and subse-
quently demonstrated in early experiments [35H37]. The
pioneering experiment of the current-era of UCN mag-
netic bottles is that of the NIST magnetic trap [38], B9],
which employed a superconducting quadrupole magnet
combined with two end coils in an IToffe trap configura-
tion.

Due to the similar-sized effect of Earth’s gravitational
potential on the neutron, Ugmy = (102 neVm™1!)h,
where h is the height, a magneto-gravitational trap can
be built for UCNs. This configuration has the advantage
of being able to access UCNs from the top of the trap
and has been demonstrated by [40], and more recently by
the UCNT experiment [41] [42], both employing perma-
nent rare-earth magnets. There is also another proposed
magneto-gravitational experiment using a large assembly
of superconducting coils [43].

Above-threshold UCNs, neutrons with total energy
Eiot above what is storable in a trap, Usrap, can cause a
decrease in the observed storage time away from 7,,. This
is because such neutrons can exist in “quasi-stable” tra-
jectories and survive for times comparable to 7,,. While
this effect also exists in material traps, the typically more
symmetrical design of magnetic traps and the lack of non-
specular reflections from magnetic field gradients exas-
perates the problem. Therefore, it is critical that mag-
netic UCN bottle experiments employ non-specular re-
flections (to induce “mode-mixing”) during the removal
(or “cleaning”) of above-threshold UCNs.

The effect of poor cleaning was studied in the NIST
trap [44446]. The cleaning technique used was ramping
down the radial magnetic field temporarily so that above-
threshold UCNs collide with material on the trap side-
wall. Detailed simulations show ramping to 30% of the
initial field is required to ensure above-threshold UCNs
are sufficiently cleaned from the trap (to reduce the stor-
age time shift to < 1 ), but this reduces the initial num-
ber of well-trapped UCNs (Eiot < Ugrap) to 30% [46].

In magneto-gravitational traps, a UCN remover can
be inserted from the top of the trap, which reduces loss
of well-trapped UCNs when cleaning. However, above-
threshold UCNs should not exist in quasi-stable trajec-
tories, otherwise they do not explore the trap volume
efficiently and thus can take long times before colliding
with the remover. UCN7 has an inherent asymmetry in
its magnetic “bowl” design so that quasi-stable trajecto-
ries are reduced [41], 47]. Nevertheless, from UCN track-
ing Monte-Carlo (MC) studies with a remover spanning
the entire top of the trap and inserted to a height of ~ 42-
44 cm from the bottom of their 50 cm high bowl, it was
found these above-threshold UCNSs still stubbornly sur-
vived. Reflections off field ripples, which come from the

inherent discrete changes in the magnetization direction
along a Halbach array, were required to be included in
the simulations to see the cleaning improve to a tolerable
level [41].

It is the removal time of above-threshold UCNs with
Eior a few neV above Uy, that is the most critical for
determining the effectiveness of a cleaning procedure.
In general, there is a trade off between increasing the
cleaning effectiveness with decreasing the number of well-
trapped UCNs remaining. The latter depends on the ini-
tial UCN spectrum loaded and the effective volume of
the trap (see Sec. . Another important facet of a good
cleaning procedure is to not warm well-trapped UCNSs to
above Us,ap after cleaning. This can occur from magnetic
field ramping or doppler reflections off moving surfaces.

Our present paper describes results from the 1st phase
measurements performed between 2009-2011 using the
Halbach Octupole array of PErmanent (“HOPE”) mag-
nets [48, [49]. Our octupole array is 1.2 m long, has a in-
ner bore radius pirap = 46.8 mm, and a nominal magnetic

flux density of |B (ptrap)| = 1.3 T at the inner walls. In
this 1st phase, the bottom superconducting coil required
to remove all interactions with material during storage
was not yet installed. Instead, a mechanical UCN piston
valve was used to close off the trap. The primary mea-
surements were performed on the TES-port of the PF2
UCN source at the Institut Laue-Langevin (ILL), Greno-
ble, France. The UCN flux from this port is ~ 20 times
less than from the other ports of the PF2 source.

The goal of these measurements was to demonstrate
an effective technique for above-threshold UCN cleaning.
The idea is to use the trap vertically and to employ a non-
specular reflecting surface at the bottom of the trap com-
bined with a remover at the top. Because of gravity all
UCNs are guaranteed to make mode-mixing reflections
from the bottom surface, thus eliminating quasi-stable
trajectories.

The mechanical UCN valve in these 1st phase measure-
ments offers an emptying time constant of ~ 2 s, allowing
the number of remaining UCNs in the trap to be stud-
ied during cleaning. In Sec. [[V] these observations are
compared with kinetic theory calculations [50] and MC
studies to model the UCN dynamics during cleaning. In
Sec. m we extract 7, from the different measurements to
observe the effect of poor cleaning.

This cleaning scheme can be employed when the
bottom superconducting coil is installed for the next
phase, full 3D magnetic trap measurements (described in
Sec. . It is the present study that led to the change
from the previous proposed horizontal trap configuration
[51] to a vertical one [49]. Besides for cleaning, a ver-
tical magneto-gravitational configuration has other ad-
vantages, such as live monitoring of depolarized or quasi-
elastically scattered (“warmed”) UCNs. It also removes
unwanted trapping of neutron decay electrons since no
superconducting coil is used at one end [48].

Two other known systematic effects required to be
overcome by UCN magnetic bottle 7, experiments



are phase-space evolution and depolarization of stored
UCNs. The former effect occurs if: (a) the ensemble of
UCNs take long times to uniformly occupying the phase-
space of the trap and (b) if the detection efficiency of the
surviving UCNs or the decay products has a phase-space
dependence. This effect will not be addressed further
in this paper, besides by qualitatively stating that the
cleaning procedure employed will reduce (a) by provid-
ing a high frequency of non-specular reflections during
cleaning, and the vertical configuration where UCNs are
emptied through a large hole relative to the trap volume
will reduce (b).

The depolarization of stored UCNs is caused by Ma-
jorana spin-flips (i.e. transitions of low-field seekers to
high-field seeker) when the adiabatic condition,

V|5
|B|

=7-

h |B]
is violated. This can occur at regions where the field is
small or where the field changes rapidly. Calculations
of the UCN depolarization loss using idealized magnetic
field profiles for several 1D trajectories were performed
in [41], and calculations for 2D trajectories in [52]. The
latter estimated several orders-of-magnitude larger loss
rates than the former, but still below levels where it will
be problem. Experimental studies are warranted to con-
firm these calculations in real magnetic fields. In our
1st phase experiments, a ~ 2 mT bias field is provided
by a copper wire solenoid to suppress depolarization. In
Sec. [VI} experimental results studying depolarization by
scanning the bias field are presented.

Because of these systematic effects, in order to under-
stand the discrepancy amongst the bottled UCN 7, ex-
periments and between these and beam 7, experiments,
several robust ~ 1-s-precision magnetic bottle UCN ex-
periments will be required. The size of our trap (physical
volume ~ 2 L) is small, but it offers an excellent control of
systematics and potentially a charged product detection
scheme [511[53]. The near-term goal of the HOPE project
is to provide a “l-s-precision” measurement using the
SUN-2 UCN source at the ILL [54H56]. Such a precision
is currently sufficient for Big Bang Nucleosynthesis cal-
culations. A “sub-1-s-precision” experiment might also
be possible with HOPE but will require access to future
UCN sources, such as the SuperSUN source [57]. The
work described here constitutes a significant milestone
towards reaching these aims for the HOPE project.

II. EXPERIMENTAL SETUP

The 1st phase experiment setup used in 2011 is shown
in Fig. The 1.2 m long octupole array is orientated
vertically. The mechanical UCN piston valve at the bot-
tom of the trap is made of a copper valve seat with a 6 cm
opening and a movable PTFE piston 6.2 cm in diameter.
The valve is opened until the piston is retracted pass the

vacuum gauge \

PE UCN remover

bias field solenoid

Halbach octupole
permanent magnet
array

Fomblin grease
Cu valve seat

source gate valve

detector gate valve

Al UCN window

/

PF2-TES
UCN beam

PTFE valve

UCN piston

3x turbo pumps detector

: : T
PE UCN remover
actuator

UCN guide
from source

UCN guide
to detector

FIG. 1. (Color online) Schematic and photo of the 1st phase
experiments with the HOPE magnetic trap performed on the
PF2-TES port using a mechanical UCN piston valve for filling
and emptying.

opening of a T-section of electropolished stainless steel
(Uss = 185 neV and fsg ~ 1 x 10~%) UCN guide at the
bottom of the trap.

The copper and PTFE surfaces exposed to UCNs



are covered with Solvay Solexis RT-15 Fomblin grease
(UF()mblin ~ 108 neV and frompin = 2 X 10_57 and
discussed in detail in Sec. @ applied by hand using
powder-less nitrile gloves. This was done to reduce losses
from surface impurities or leakages through small gaps
at the seal of the valve. The grease does not appear
flat visually and thus UCNs are expected to make non-
specular reflections from this surface. Fomblin grease is
also used to cover the bottom 8 cm of the magnet inner
bore. This was done because |§| drops at the ends of
the magnets. From finite-element calculations and veri-
fied by Hall probe measurements, at 8 cm from the ends
|B| > 99.5% of the field deep inside the array. The calcu-
lated neutron optical potential of the NdyFe 4B magnet
material is Ungre = 170 neV with fxgren = 1.7 x 1073,
However, the inner bore is partly coated with epoxy from
the manufacturer for mechanical reasons.

A polyethylene (PE) UCN remover plate (Upg =
—8.5 neV and Wpg = 0.5 neV) with diameter 6.5 cm
and thickness 5 mm is lowered into and raised out of the
trap from the top. Its position is reproduced to within a
few millimeter. The PE diameter is less than the magnet
diameter (9.4 cm) so that there’s vacuum pumping of the
trapping region even when the remover is lowered. The
pressure is measured with a cold cathode gauge at the
top of the trap. It is estimated to be ~ 5 x 10~° mbar in
the trapping region by temporarily closing the vacuum
valves to the turbo pumps and observing the equilibrium
value during the holding time. The pressure does not
jump when either the UCN valve or remover is actuated.
The vacuum feedthroughs of these are made from double
elastomer O-rings with active pumping to ~ 102 mbar
in between.

The trap is installed approximately 5 m from the alu-
minum front window (Ua; = 54 neV) of the PF2-TES
port, connected using electropolished stainless steel UCN
guides with internal diameter 66 mm. Using two 90°
bends, the bottom of the trap is raised 60 cm above this
window. The piston valve, mentioned earlier, as well
as the source gate valve (GV) and the detector GV al-
low several procedures needed to perform storage experi-
ments: filling of the trap, closing the trap, and emptying
remaining UCNs to a detector. There is another GV
upstream of the Al foil. These valves were driven pneu-
matically and have opening and closing times of 1-2 s.

UCN detection is made with a *He gaseous wire cham-
ber positioned 1.5 m below the bottom of the trap so
that UCNs gain sufficient kinetic energy to overcome
the potential barrier of its front aluminum window. A
turbo-molecular pump is connected through a small side-
port just above the detector so that pumping occurs even
when the detector GV is closed. The ambient background
rate after shielding the detector with polyethylene and
boron rubber was ~ 0.2 s~!; without shielding it was
~ 2571

A Dbias field along the vertical axis, used to suppress
UCN depolarization, is produced using a solenoid. This
coil is made with 2-layers of insulated 1.4 mm diameter

copper wire, and has a diameter of 25 cm and a length
5 cm longer than the 1.2 m magnet array. A nominal bias
field solenoid current of 4 A was used for the measure-
ments, except when studying the effects of changing the
solenoid current. The 4 A current corresponds to 5 mT
produced by the solenoid, but the field in the trapping
region is between 2-8 mT due to interference with stray
fields from the magnet array (see Sec. [VI| for details).

The potential energy Upo (7) for a neutron at a position
7 is given by:

Upot (7?) = UgraV(F) + Umag(ﬁ + Uopt(F) ’ (3)

where Upot (7) = 0 is defined to be the minimum potential
inside the trapping region. The total energy is thus given
by Eiot = Upot(7) + Ex(7). A contour plot of Uy (7) for
our trapping configuration is shown in Fig. For our
trap, a cylindrical coordinate system with radial position
p = 0 aligned with the central axis of the magnetic array
is used. It should be noted that |B(p, ¢, z)|, where ¢ is the
azimuthal angle and z is the height, is not ¢-symmetric.
It takes on its smallest value |B(pyap, ¢ = 0)] = 1.3 T
and its largest value |§(ptrap,¢ =7.5%)] = 1.6 T for z
more than a few centimeter inside the array. This pattern
is repeated 16 times azimuthally. (A detailed description
of the magnetic field is found in [48,[49].) The ¢-variation
of | B] is included in the subsequent calculations.

UCNSs with increasing FEi.; can occupy a greater vol-
ume of space. Because of this effect a quantity called the
effective volume can be useful. Following the definition
from [I5], the effective volume is given by:

Via(Bu) = [ 450 @

which assumes kinetic theory. The integral is performed
over only the volume accessible to the UCNs [i.e. Ex(7) >
0]. Vegt(Esot) for our trapping configuration is shown in
Fig.

The effective volume naturally leads to the definition
of a quantity that we shall call the effective loss area:

Aeff loss(Etot) = Re /S \/?U[Ek(f&)] ds ) (5)

where Fy(7) is taken to be at 7 just outside the sur-
face element dS [i.e., Ex(7) = Eiot — Ugrav(T) — Umag ()]
and [ is the average loss probability per reflection. This
quantity, inspired by work in [15] [68], becomes useful in
describing the loss of UCNs on a surface that is not at
equal Ugray + Umag, Which is true for any surface that
is not horizontal or existing in a magnetic field gradient.
(E.g., the trap sidewall as well as the PE remover.) By
taking the real component, only elements d.S accessible
by UCNs contribute to the integral.

By assuming kinetic theory and integrating Eq.
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FIG. 2. (Color online) (Main plot) Contour plots of the UCN
potential energy Upot(7) in the trapping region on vertical
slices passing through p = 0. On the left for ¢ = 0 and on the
right for ¢ = 7.5° (see text). Zero potential is defined to be
at z = 0 and p = 0. The aperture for the UCN piston valve at
the bottom of the trap and the epoxy on the magnet sidewall
is not shown. The location of the Fomblin grease on the valve
piston, valve seat and magnet sidewall is shown with lines
in a color to match that of Urombiin. (Left) Zoomed into the
bottom-left hand corner of the main plot (i.e. the ¢ = 0 slice).
The trapping potential Usrap = 84 neV, shown as the solid-
black line, is defined by the height of the Fomblin grease on
the sidewall. This contour is 5 cm lower when ¢ = 7.5°. The
contours of the two remover potentials Uy for Apg = 80 cm
and 65 cm are also shown. These contours are 2 cm and
0.5 cm lower when ¢ = 7.5°, respectively.

over all incident angles, i can be derived to be [I5]:

Usps () By (7) ]5
Ex () o (7)

_ |:Uopt(/F) _ 1] ;} . (©)

Ex(7)
where Uypi(7) is taken to be at the surface element dS.
This expression is valid for f < 1 and Uypy > 0. Plots
of Asfrioss(Ftot)/ fFomblin for the Fomblin at the bottom
and at the sidewall of the trap are shown in Fig. [

arcsin [

AlE ()] = 2f{

The PE, as well as the hydrocarbon-based epoxy on
the trap sidewall, which we shall treat as having the same
Uspt and f, up-scatter UCNs to well above Uyyap, so they
are lost. Since U,p < 0 and W = 0 for these materials,
the previous expression is not valid. Instead, g for this
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FIG. 3. (Color online) Blue-line: The effective volume Vg
of the trapping configuration with no PE remover versus the
total energy Eiot. When the remover is in place, UCNs with
FEiot > Urm experience a reduced Veg. Green circles with
error bars: The measured No siow, the number of UCNs ini-
tially loaded into the trap with Fiot < Upm, for different PE
remover heights. Green dashed line: the green points fitted
with Eq. [ to determine the shape of the integral UCN spec-
trum No(Fiot < Urm). The relationship between Veg(Eiot)
and No(Eior < Urm) is described in the text near Eq. El
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class of materials, assuming kinetic theory, is [59]:
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FIG. 5. (Color online) The effective loss area Act 10ss(Etot) for
the epoxy on the trap sidewall and for the PE UCN remover,
placed at two different heights, hpr. The epoxy is assumed
to have the same Uypy and f as the PE.

where the 7 dependence of Fy(7) is not explicitly writ-
ten. A plot of Aefrioss(Etot) for the PE remover used at
two different heights, hpg, and for the epoxy on the trap
sidewall is shown in Fig.

The trapping potential Uyrap for this configuration is
defined by when UCNSs start interacting with epoxy on
the sidewall (see Fig. 2, since this is when UCNs get
lost quickly (compare Figs. 4 and . Its value is Ugyap =
84 neV and is determined by the height of the Fomblin on
the sidewall. The cleaning cut-off potential is denoted by
Urm. When no remover is used Uyym = Utrap. When the
PE remover is at a height hpg measured from the bottom
of the trap, Uy, is the smallest Fio; when Aegiogs > 0.
These values for when hpg = 65 cm and 80 cm for the
storage measurements are U, = 66.3 neV and 81.6 neV,
respectively.

III. MEASUREMENTS

The sequence of steps for each UCN storage measure-
ment is as follows:
(1) open piston valve, open source GV, and close detec-
tor GV — the start of the 100 s long period of filling the
trap with UCNs from source;
(2) start lowering PE remover — at 1 cms~! with remover
initially located 10 cm above its lowered position hpg;
(3) close piston valve — define as ¢t = 0;
(4) wait 5 s, close source GV and open detector GV;
(5) at t = 80 S = tclean begin raising the remover — at
1 cms™! for 10 cm;
(6) at t = tpola open piston valve — empties UCNs re-
maining in trap to UCN detector.
To observe the number of UCNs remaining in the trap
during the cleaning, (6) can occur before (5) (i.e. thola <
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FIG. 6. (Color online) The count rate at the UCN detector
during several measurement procedures for thoia > 35 s. The
details of a procedure and the cause of the peaks are described
in the text.

telean)- The shortest t014 used was 20 s.

A plot of the detected count rate in 1 s bins during
the procedure repeated several times for varying tnoq is
shown in Fig.[f] The peak in the count rate at —100 s
comes from the valve switching in step (1), which tem-
porarily has the source GV and detector GV opened si-
multaneously. The peak beginning at 5 s comes from
emptying the UCNs trapped between the source GV and
piston valve into the UCN detector when the detector
GV is opened in step (4).

The peaks seen from 35 s onwards are those of surviv-
ing UCNSs in the trap emptied by step (6) after various
thold- The decay time constant of these emptying peaks
are 1-2 s. This compares well with kinetic theory: a 2 s
time constant is expected for Fiot = 10 neV emptying
through the 6 cm diameter piston valve opening from
a 2 L volume. The total number of surviving UCNSs is
calculated by summing counts from ty1q to tholg + 60 s.

The background rate used to correct each measure-
ment of the total number of surviving UCNs is calcu-
lated by using the last 40 s of each emptying period (i.e.
> thold + 60 s) and the 30 s before the emptying begins
(when tp01q is sufficiently long). When combining data
from different fill-and-empty procedures to form a storage
curve, the background corrected counts are normalized to
the ILL reactor power (< 3% change for all the data).
The stability of the UCN flux from the PF2 reactor-
based turbine source is sufficient for the level of precision
required in these measurements. Furthermore, tyoq of
storage procedures were varied in a pseudo-random way
to mitigate the effects of filling variations.

UCN storage curves were measured for hpg = 35 cm,
50 cm, 65 cm and 80 cm, as well as with no remover in
place at all. The 35 cm and 50 cm measurements have too
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FIG. 7. (Color online) Storage curves for the no remover

and hpg = 80 cm measurements. The vertical dashed line is
shown to indicate tcjean = 80 s, the time when the PE remover
was raised. The zoomed-in regions are to show details for
short tholg. The solid lines are from fits with a sum of two
exponential decays (see text).

low statistics for detailed analysis of the cleaning and long
storage times, however, they are useful for determining
the UCN spectrum initially loaded into the trap.

The storage curve for 80 cm PE and no remover mea-
surements are shown in Fig. [7] There is a quickly de-
caying component when tpo1q < telean, indicating UCNs
with Fio > Uy are being cleaned out at this stage. At
thold > tclean, With the absorber being raised or starting
to be raised, the decaying slows down and takes on a sin-
gle exponential behavior. This same behavior is seen in
the other storage curves.

The fitted curve to the data (as shown on Fig. [7) is a
sum of two exponential decays, i.e.,

N (thold) = No, fass € o1/ Tast 4 Ny o @™ thota/Tetow ()

The best-fit parameters extracted from the no PE re-
mover, 80 cm PE remover and 65 cm PE remover storage
curves are shown in Table [60]. No, fast and Trast are used

TABLE I. The fitted-parameters of the double exponential
decay function (Eq. used to model the decay curves for
the no remover, 80 cm PE remover and 65 cm PE remover
measurements.

remover NO,fast Ttast NO, slow Tslow X%
no 90 £ 8 (80:t 16) s 190 £8 (769:|:32) s 2.1

80 cm PE 95 + 17 (30:|:7) s 172+4 (833:|:33) s 1.1
65 cm PE 72410 (37 + 7) s 84 +3 (855 + 38) s 2.4

to model the initial number and time behavior of UCNs
with Eiot > Upm, and Ny, 1ong and Tiong for UCNs with
Fiot < Upm. In reality, the time-dependence contains a
continuum of time constants that vary with Ey.. This is
discussed in Sections [V] and [V1

The Nogsiow values from these fits are a good esti-
mate of the number of UCNs with £ < U,y loaded
into the trap at tyog = 0, which will be denoted by
No(Ftot < Urm). These values from the 80 cm and 65 cm
remover measurements, along with the values from 35 cm
and 50 ¢cm remover measurements, are shown in Fig. [3]
In order to determine the form of the integral UCN spec-
trum, these points are fitted with the ansatz function:

N(](Etot < Urm) - aUrxm ) (9)

where z and a are the varied parameters. Including a
conservatively estimated uncertainty due to the remover
height of +1 neV, the extracted values are: = = 3.50 £
0.16 and a = (4.0£2.8) x 107° neV ™", with a x2 = 0.18.

The differential UCN spectrum ng(FEjot), the num-
ber of UCNs with energies in the interval (Eyot, Etot +
dE), can be deduced to be ng(Ei) o FE220£0-16
from the fit.  From [I5], we expect ng(Fioy)
dsource(Etot) €(E1tot) Vveﬂr(Etot>7 where dsource(Etot) is the
differential density of UCNs provided from the source
and €(Fiot) is an energy-dependent factor taking into
account the transport efficiency from the source to the
trap. The UCN PF2 turbine is expected to produce
a constant phase-space density (i.e. Maxwellian) UCN
spectrum, i.e., dsource X E&?. The lowest energy UCNs
that make it to the trap (i.e. FEiot ~ 0) have a kinetic
energy of ~ 61 neV just after the Al foil. Therefore,
the transmission loss through the foil is expected to be
o 1/v; ie., €(Eiot) o< EYS. Finally, a fit of the calcu-
lated Veg(Fiop) with the function bE{,, with b and y
as the free-parameters, approximates Veg well and yields
y = 1.6, i.e., Vog(Fiot) o< ELY. Combining these, we see
that no(Eot) agrees with what is expected.

An alternative way of analyzing the decay curves is to
fit with a single decaying exponential with the starting
tholq of the fit delayed. If the initial fast decaying compo-
nent is affecting the single exponential fits of the slow de-
cay component, then the extracted time constant, 7i_exp,
will be systematically shifted to shorter values. Plots us-
ing this analysis for the no remover, 80 cm and 65 cm
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FIG. 8. (Color online) Analyses of the storage curves by fit-
ting with a single exponential decay with time constant 71-exp
and scanning the starting tno1q of the fit. The vertical dashed
line is used to indicate tciean = 80 s, the time when the re-
mover was raised. For comparison, the 750w values extracted
from the sum of two exponential decay fits are also shown
in these plots as horizontal green lines, with the dashed lines
being the +1o0 range.

remover storage curves are shown in Fig.

It can be seen that when no remover is used, one has to
wait ~ 200 s before the quickly decaying component no
longer affects the extracted 7j_cxp within the ~ £25 s sta-

tistical error bars. If the data had better precision, then
this could be even longer. For the storage curves where
the remover is used, it can be seen that immediately af-
ter the absorber is raised at 90 s, the Ti_exp values are
stable and are thus statistically unaffected by cleaning of
Fiot > Uy UCNs. This is a good way of demonstrating
the effectiveness of the cleaning procedure. In the next
section, we try to understand the cleaning process more,
and in Sec. [V] we extract 7, from the storage time after

tclean .

IV. INTERPRETATION OF TRAP CLEANING

If kinetic theory is assumed, then the time constant of
a UCN being lost on a surface is given by:

&m Veff(Etot)
Tclean E O = ’ 0
lean (Etot ) \/;Aeffloss(EtOt) 1o

where m is the neutron mass and Aegioss(Ftot) 1S the
effective loss area of that surface (see Figs. 4| and .
When no absorber is used, above-threshold UCNs with
Eiot > Utrap experience loss caused by the sidewall only.
The effective volume Vig(Eior) when the remover is in
place is different to that shown in Fig. UCNs with
FEiot > Upm cannot access the volume behind the ab-
sorber, therefore the vertical upper integration limit of
Eq. [4 only goes up to hpg. The calculated Tejoan(Frot)
for Eyor > Uy is shown in Fig. [0

In order to link the calculated 7¢jean(Etot) with the
experimentally observed 7., we calculate the number
of UCNs with E; < FEyo < E; + AFE remaining in the
trap:

N(thowd, B1 < Eyoy < Er + AE)
E1+AE
:/ nO(Etot)eXp|:

Ey

—thold

—————— | dFo . (11
Tclean (Etot):| rot ( )

We do this for tho1q < tclean and for the energy range
Um < Eiot < Upm + 30 neV (see Fig. . The mea-
sured UCN spectrum from Eq. [9]is used for these calcu-
lations, assuming that the expression is still valid up to
FEiot = 114 neV. UCNs with Eio > Upm + 30 neV are
lost very quickly and do not contribute to the UCNs sur-
viving after tno1q = 20 s, the shortest t,01q used. There-
fore, increasing AE for the plot further does not have an
effect on the experimentally observable UCNs in these
measurements.

The extracted value of 7,5 is dominated by the tyo14
points between 20 s and 40 s (Fig. [7)), where the 20 s
value is due to the shortest tyoq we used for our mea-
surements. Therefore, to estimate the 7,5 that we would
observe from the calculated N (tpo1q), we fit with a sin-
gle exponential between 20 s < tpolq < 40 s. The Tgagt
based on kinetic theory calculated this way are denoted
by Ttast,kinetic and shown in Table [}

The PF2 UCN source does not provide pre-polarized



103
m— kinetic: 80 cm PE + sidewall
—— kinetic: 80 cm PE only
':‘ — — MC:80cm PE only
107 ) —— kinetic: 65 cm PE + sidewall | 3
W —— kinetic: 65 cm PE only
\
\ — — MC:65cmPE only
n
q% 101 L
©
100 L
10! ! ! ! ‘
0 ) 10 15 20

Etot — Urm [HGV]
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MC simulations hence the kinetic theory calculations with no
sidewall loss are also plotted for comparison.
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FIG. 10. (Color online) Calculated relative number of UCNs
with energy Umm < Fiot < Urm + 30 neV, denoted by
N(thold, Urm < Ftot < Urm + 30 neV), remaining in the
trap during cleaning (i.e. when thold < tclean = 80 s) using
Telean (Eitot) from kinetic theory for the PE remover at 80 cm
and 65 cm including the sidewall loss, and for no remover
(i.e. sidewall loss only). The measured EZ? UCN spectrum
is used in these calculations. The numbers are normalized to
unity at thoila = 0. The dashed lines are single exponential
fits between 20 s < thola < 40 s (fit region indicated by the
vertical dash-dotted lines) used to estimate Teas.

UCNSs, therefore the cleaning times of high-field seekers
loaded into the trap are also studied. For high-field seek-
ers the sign of Upae is opposite to that of low-field seek-
ers. This causes the region where Upo; = 0 to be a ring
with diameter of the magnet bore located at z = 4 cm
(due to the drop in magnetic field at the end of the array).
The threshold energy before high-field seekers start inter-
acting with the epoxy on the magnet sidewall is 4 neV.
UCNs can only enter the trap at p < 30 mm because of
the aperture diameter of the Cu valve seat. Thus, only
high-field seekers with E},4 > 62 neV can enter the trap,
and they are accelerated by the magnetic field gradient
before colliding with the sidewall. Using Eq. all high-
field seekers are found to have Tcjean =~ 0.01 s. Therefore,
they are expected to be cleaned from the trap so quickly
that they do not affect the storage curves.

Thus far in the analysis of the cleaning we have as-
sumed kinetic theory. This is only valid after UCNs
make several non-specular reflections. Despite the Fom-
bin grease at the bottom of the trap, at short t},01q kinetic
theory will not be valid. To study this effect, a Monte-
Carlo simulation of the cleaning time of Eyot > Uy
UCNSs in a simplified trap configuration was performed.

In this study, the trap sidewall is treated to be loss-
less and to provide specular reflections only. A lossless
and 100% diffuse reflecting surface is placed at z = 0,
the position where UCNS start in the simulation. A ver-
tical velocity component v, value is calculated from a
specified Eiox and a randomly generated 6 that obeys
Lambert’s cosine law, which has a probability distribu-
tion function of 27 sinf cos§df. If v2/2 < ghpg, where
g = 9.8 ms~!, the UCN does not reach the remover at
hpgr. The time taken for the UCN to return to the bot-
tom reflector, 2v, /g, is added to the survival time of the
UCN. If v2 /2 > ghpg, then the UCN reaches the remover
and (v, —/v2 — 2ghpg)/g is added to the survival time.
The loss probability is calculated using the equations for
PE derived in [59] (i.e., the Ey | version of Eq.[7). If the
UCN is lost then the simulation is terminated and its
survival time recorded. If it is reflected, then a specular
reflection is assumed to have occurred and the time taken
for the UCN to reach z = 0 is added to the survival time,
and the next reflection from the bottom repeated.

This was done for hpg = 65 cm and 80 cm. For every
FEiot > Upm, which are in 0.1 neV bins, the survival times
of 1000 UCNs were calculated. A histogram of these
times was found to be well approximated by a single ex-
ponential decay. The time constant of this fitted decay is
used to give Tciean (Ftot). The results of these MC calcu-
lations are also shown in Fig.[9] Since there are no losses
on the side-walls in the MC calculations, for a better
comparison with the kinetic theory results, 7cican (Etot)
calculated with only the remover are also shown on the
plot. The calculated 7., Mc values, done in the same
way as for Teagt, kinetic; are shown in Table

Several things to note about the MC calculations: (1)
Lambertian diffuse reflection is just a model for non-
specular reflection. If the diffuse probability is below



TABLE II. The experimentally observed Teast,exp compared
with the estimated values based on kinetic theory Ttast kinetic,
and a simplified Monte-Carlo study Ttast,mc. The MC studies
do not include sidewall losses so a value cannot be calculated
for the configuration with no remover.

remover Tfast,exp  Tfast,kinetic Tfast,MC
no (80+16)s  56s -

80 cm PE (30+7) s 48 s 27s

65cm PE (37+7)s  34s 288

100% then Tejean will scale linearly. (2) The MC calcu-
lations do not include the effects of the magnetic field
gradient. The effect of the magnetic field in kinetic the-
ory is to reduce the Aesrioss(Frot) of the remover at large
radii, which therefore increases 7¢iean (FEtot). When com-
paring the MC results with kinetic theory without the
magnetic field, Tcjean(Etot) i8 ~ 6 times shorter when
E—Un — 0, and they are approximately the same when
E — Upn — 35 neV [48).

A summary of the calculated 7,5 based on kinetic the-
ory and the simplified MC model are shown in Table [[}
These values compare well with the experimentally ob-
served Tegt- This demonstrates that we have good un-
derstanding of the cleaning process.

The effectiveness of cleaning is not determined by how
short 7.t is; rather, it is determined by how many UCNs
with Ftot > Utrap remain after cleaning. This is primar-
ily decided by how short Telean (Utrap) 18, and at energies
just above Uirap. To study this, we calculate the fraction
N(tholdaUtrap < Etot < Utrap + AE)/NO(Etot < Urm)~
Uim is used in the denominator because having a lower
Upm, while providing a shorter Tgjean(Usrap), causes a
greater loss of well-trapped UCNs. The measured UCN
spectrum from Eq. [9] is assumed.

An analysis using AE = 10 neV is shown in Fig. It
can be seen that when no remover is used, ~ 5% of the
UCNSs remaining after cleaning (tho1q = 80 s) are above-
threshold UCNSs (Eyot > Utrap). This fraction decreases
by ten times for the 80 c¢cm remover measurement and
decreases further by another factor of 10'2 for the 65 cm
remover measurement. By scanning the value of AFE, it
was found that all the above-threshold UCNs remaining
after 80 s have Eyot < Uprap + 5 neV for all three config-
urations.

The remover is moved up at 1 cms~! when ¢ = 80 s.
Therefore, if all the remaining UCNs have Eiot < Utrap +
5 neV, then a few seconds (< 5 s) should be added to the
effective time the remover was in place. This does not
alter the above-threshold remaining fraction significantly.

10
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FIG. 11. (Color online) The calculated number of the UCNs
with Utrap < Etot < Utrap + 10 neV remaining during the
cleaning process (i.e. thola < 80 s) normalized to the initial
number of UCNs with FEiot < Urm. The latter is approx-
imately constant to ~ 10% during cleaning because of the
long Tiot for well-trapped UCNS (Eitot < Usrap). This is done
for all three remover configurations using the measured EZ;}
UCN spectrum and based on the kinetic theory and a simpli-
fied MC study. This plot is used the estimate the fraction of
above-threshold UCNs remaining after cleaning to study the
effectiveness of a cleaning procedure.

V. EXTRACTION OF THE NEUTRON
LIFETIME

Besides the decay of the free neutron, there are other
mechanisms in the trap that cause UCN loss. We denote
Tiot as the total storage time constant, which is given by:

Toot (Brot) = To '+ Toalis (Prot) + Taas + Tepol (Brot) » (12)

where Td_;)ol comes from loss due to depolarization,
which, as will be shown in Sec.[V]] is suppressed to below
the statistical sensitivity of these measurements; Tg_aé is
from interactions with residual gas in the vacuum; and
TV:;HS(Etot) comes from interactions of UCNs with the
Fomblin grease at the bottom and sidewall of the trap.
This assumes that the cleaning process has been efficient.
Therefore, if Tyans(Eiot) and Tgas can be corrected for, 7,
can be extracted.

Due to the energy-dependence of 7ot (FEtot), the total

number of well-trapped UCNs in the trap is given by:
N(th01d7 Etot < Utrap)

Urm _t
= / nO(Etot) €xp [
0

———— | dFot - 13
Ttot(Etot)] rot ( )



By assuming kinetic theory, Twans(Ftot) can be cal-
culated using Eq. Vet (Erot) for Eiot < Utrap
when the remover is removed is shown in Fig. [3
The Aect1oss(Etot)/ frombiin from Eq. |5| for the Fomblin
grease at the bottom and sidewall, as well as
Twans(Etot)/fFombhn7 are shown in Fig.

Here we provide estimates of the systematic uncertain-
ties involved in deducing Twails(Etot) and Tgas:

® fromblin: A measurement using the same Fomblin
grease as in our experiment yielded fromplin =
1.8540.10x 1073 [61]. At room temperature, there
are around 5—6 measurements made with Fomblin
oil that lie in the range between fromplin = 6.7 X
1075 to 2.5x 1075 (see [29] for a review). fromblin 18
temperature-dependent, changing by ~ 3 % K~! at
room temperature. To be conservative, we will use
a value of fromplin = (1.6 £ 0.9) x 107°. This cov-
ers the range of values measured for both Fomblin
grease and oil and takes into account temperature
variations of ~ +10°C.

® Upomblin: @ measurement with Fomblin grease pro-
duced a value of 107.57} neV [I5]. Fomblin oil,
which has been much more studied, has Upomplin =
106.5 neV [25]. The two agree within the experi-
mental limits. A conservative value of Upromblin =
107 £ 5 neV will be used.

e trap volume: The bottom of the trap is not com-
pletely flat; the piston is recessed from the valve
seat by 7 mm, forming a volume of 20 cm®. There
are also variations in the physical diameter of the
magnet bore as well. A conservative systematic er-
ror in Vig(Eior) of £100 cm?® for all By will be

used.
e UCN spectrum: The differential spectrum
no(Fioy) o EéﬁfOio 16 was extracted from

measurements of the integral spectrum using
four different hpg. A conservative error of
no(Erot) o< E22E05 is used our in analysis.

e magnet strength: The variation in the magnets’
magnetization (or magnetic field strength at the
walls) was measured to be < 5% [48]. A conserva-
tive estimate of a £10% variation will be used.

) Tg;;S the loss rate of trapped UCNs with residual

gas is given by: Tgaé Yi Ngas,i 03 Vgas,i; Where:
Ngas,i 15 the number density of the ith-species of
gas in the vacuum; vg,s; is the speed of the ith-
species gas molecule (assuming vg,s > v); and
o; is the loss cross-section, which can come from
absorption and scattering. For 100% hydrogen
in our 5 X 10 5 mbar vacuum, we expect T gah =
6 x 1076 s~ [48]. If the residual gas is 100% H20
vapor then we expected Tg;é =4x107%s71 A

value for P 7z = (9.5 £ 0.5) mbars at 113 K was

11

measured in [21] by deliberately worsening the vac-
uum from 5 x 107% mbar to 8 x 10~ mbar. Using
this value, correcting for the temperature difference
with our experiment, we expect T, gas =3x107%s

For our analysis, we will use a conservative Value
of Tgot = (4.5+1.5) x 107% s™!, which covers both
the above values.

Due to limited statistics, only one single exponential
decay constant can be fitted from a decay curve, which
we will denote as 7q¢. To show the relation between 7g¢,
which comes from a Levenberg-Marquardt non-linear re-
gression data-fitting algorithm, and Tiot (Etot) we perform
data fitting on simulated data. First, let us define two
quantities, 7. -, and ﬂ;tl, given by:

alls
1 _ fo 10(Erot) Topaits(Ptot) dEiot (14)
e T g (Bror) B
and
ft;tl =71, Ly Tgas + 7'_&115 . (15)

These quantities are not explicitly Fiot dependent. We
assert that:

Tht = Ttot - (16)

We will show this approximation holds within the statis-
tical errors of the extracted 75 values.

Twalls(Ftot) and ng(Eyet) were varied according to the
conservatively estimated systematic errors described pre-
viously. N (tnold, Frot < Utrap) data points were gener-
ated from Eq. [[3] with statistical errors in each point
similar to those in our measurements. These points were
fitted with a single exponential decay 74¢. The spacing
between the simulated points and the number of them
were also varied. The extracted 1g; were compared with
the calculated Tio; from Eq. It was found that the
two values always agreed to within the statistical error
of the 75¢ values.

To deliberately see the approximation break down, we
set the statistical error of the generated N (tnold, Etot <
Uirap) data points to zero. It was found that the dif-
ference between 7g¢, which now has negligible error, and
Tiot 18 ~ 0.1 s. We then increased the size of 7 alla(EtOt)
by a factor of 10, and now the difference between 75
and Tiot becomes ~ 1 s. Increasing 7. wans(Etot) further,
we saw that we require two orders-of-magnitude larger
wall loss before the break down of the approximation has
an effect comparable to the statistical precision of our
measurements.

Now that we have verified Eq. [I6] we can extract m,
from Egs. and We will set ¢ to be the first
Ti-exp Value when the starting fhoiq > 80 8 = fclean (Se€€
Fig.|g) for all three remover configurations [62]. Table|II]]
shows the corrections required for extracting 7,, the un-
certainty contribution from each correction, and the total
systematic uncertainty from a linear sum. These values
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FIG. 12. (Color online) The observed total storage time con-
stants for the three remover configurations for thoiq > 80 s
(i.e. after cleaning) with statistical error bars (ostat). The
extracted neutron lifetimes 7, assuming effective cleaning,
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quadrature [(o2 4 +as2ys)1/ 2]. These values are compared with
the Particle Data Group (PDG) values [63] [64].

are plotted in Fig. [12] and compared with Particle Data
Group (PDG) values [63], 64].

TABLE III. The extracted 7, values from the measurements
with the three remover configurations after correcting 7,5 for
Tomie and Tgi. The systematic error contribution of each
effect explained in the text are also calculated. The bold font

is used to emphasize values that are in units of time.

80 cm PE 65 cm PE

no remover

Teot 712 824 835 [s]
Tl 1.405 1.213 1.197  [1073 s
T 7.0 7.4 75 [107° 571
Taas 0.45 0.45 045 [107°s71]
Tt 1.331 1.135 1118 [1073 s71)
Tn 752 881 895 [s]
statistical uncertainty:
Ostat 1N Th +19 +32 +36 [s]
systematic uncertainties:
fFomblin +3.9/-4.1 +3.9/-4.3 +4.3/-4.3 [107° 57!
UFomblin +1.9/-2.4  42.5/-2.7 +3.1/-2.3 [107¢ 57!
Tans +1.5 +1.5 +1.5 [10¢s7!

40.02/-7.8
magnet strength +0.1/—4.7
UCN spectrum +2.4/—11

trap volume
+2.0/-6.1 +3.6/-6.2 [10~"

[ s ]
10-s )
+0.4/-6.1 4+1.3/-5.4 [107¢ s71)
[ s ]
+4.4/-11 [ s~

+9.9/-7.1 [1077

total systematic uncertainty:
Osys in 75 * +4.3/-5.4
Osys il Tq +29/-36

+4.4/-5.5 4+5.0/-5.4 [107° s71]
+33/-42 +42/-45 [s]
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FIG. 13. The total storage time constant 7ot when scanning
the bias field solenoid current. The measurements were made
in earlier angled-trap experiments (see text) before Fomblin
grease was applied on the valve piston and valve seat (“with-
out Fomblin”) and after Fomblin grease was applied (“with
Fomblin”). The dashed lines are used to guide the eye only.

VI. DEPOLARIZATION LOSS STUDIES

An experiment performed in 2009 scanning the bias
field solenoid current is used to demonstrate that the loss
due to depolarization is less than the sensitivity of the ex-
tracted 7,. In these earlier measurements, the permanent
magnet array was used with the long axis of the trap at
a 30° angle relative to the horizontal. The same copper
valve seat, PTFE piston valve, and bias field solenoid
were used. The angled trap was an earlier tested con-
figuration of using the gravitational axis to break the
symmetry of the trapping potential to improve cleaning.

Two sets of measurements were made: one before
Fomblin grease was used to coat the piston and valve
seat, and the other after (hence the shorter 7o of the
former). In both sets of data, Fomblin grease was on
the sidewall of the magnets 8 cm in from the lower end.
No UCN remover inside the trap was used in these ex-
periments. Instead, an external UCN gravitational spec-
trometer/cleaner (described in [61]) was used outside the
trap for pre-cleaning of the UCN spectrum before load-
ing into the trap. The results are plotted in Fig. The
extracted Tgepol values are shown in Table calculated
assuming Tqepol at a solenoid current of 5 A is sufficiently
large as to not cause a statistically significant shift in
Ttot - .

The region of lowest |B| occurs at the central axis of
the trap. This is the region that is most problematic
for depolarization of low-field seeking UCNs. A 3-axis
Hall probe with a Lakeshore 460 3-channel gaussmeter
was inserted up to 40 cm into the trap from both ends
to measure the field along the central axis [65]. With no
current in the coil, features with amplitudes between 1—



TABLE IV. The depolarization loss time constant Tdepol €x-
tracted from the Tiot measurements when scanning the bias
field solenoid current. This assumes that Taepol at 5 A is large.
The values for currents > 3.5 A are not shown due to their
large statistical errors.

solenoid Tdepol |5] Tdepol |5]
current [A]  with Fomblin  without Fomblin
3.0 40 000 + 160 000 2 800 =4 1 800
2.5 5 600 + 3 800 -
2.0 490 + 90 690 £ 170
1.0 - 135 £+ 20

3 mT, with components both parallel and anti-parallel to
the trap’s long axis, and with a spacing approximately
10 cm apart, were measured along the central axis. This
was suspected to be caused by differences in the magneti-
zation of the permanent magnets between modules. The
axial field provided by the solenoid at 3 A was measured
to be 4 mT, which matches calculations. Therefore, we
conclude that at 3 A, the minimum field inside the trap-
ping region is ~ 1 mT. At 4 A, the current used in the
measurements described in the previous two sections, the
minimum field is ~ 2 mT.

VII. CONCLUSION

The results from the 1st phase measurements using the
HOPE UCN trap were presented in this paper. In this
configuration the octupole magnet array is aligned ver-
tically, a Fomblin grease coated piston valve is used at
the bottom of the trap, and a flat movable polyethylene
UCN remover is inserted from the top. In Sec. [[I] the
effective volume of the trap Veg(Fiot) was calculated.
Also in this section, a quantity called the effective loss
areas Aef1oss(Frot) 18 defined. This was calculated for
the Fomblin grease at the bottom and sidewall, as well
as for the PE remover and epoxy on the sidewall.

Using the PE remover at four heights the differential
UCN spectrum Ny(E}ot) loaded into the trap was mea-
sured (Fig. [3). Three detailed UCN storage curves were
made with no remover and with using the remover at
80 cm and 65 cm from the bottom of the trap. When
using the remover, it was lowered in position for 80 s
of cleaning time before being raised up again. The pis-
ton valve at the bottom of the trap allowed us to empty
the UCNs with a time constant of ~ 2 s. This provided
a unique opportunity to study the time behavior of the
UCNSs during short holding times ty,1q, including during
cleaning. The decay curves were fitted with a sum of two
exponential decays, with time constants 7r.s; and Tgow
(Fig. [7|and Table|l), as well as with a single exponential
while scanning the starting t01q4 of the fit (Fig. .

To understand the cleaning process, calculations as-
suming kinetic theory using Veg (Ftot), Aoff loss(Etor) and
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no(F}ot) were made (see Sec. . A MC calculation of a
simplified geometry was also done for a comparison. Tgagt,
the parameter describing the UCNs during cleaning, was
found to agree well with these calculations (Table [LI).
This demonstrates that we have good understanding of
the cleaning process.

The kinetic theory calculations and the MC simula-
tions were also used to predict the fraction of above-
threshold UCNs (Eio; > Uprap) remaining after cleaning
compared to the number of remaining well-trapped UCNs
(Etot < Upm). This was found to be ~ 5% for no remover,
~ 0.5% for 80 cm remover and ~ 10712% for the 65 cm
remover measurements, with all the surviving above-
threshold UCNs having Fiq¢ less than Ugrap + 5 neV.

The fitted total storage time 7g; extracted from a mea-
surement is given by fitting the number of remaining
UCNSs N (thoq) with a single exponential decay after the
cleaning process. For the 65 cm remover measurement
this value is (835 £ 36) s and for the 80 c¢cm remover it
is (824 £+ 32) s. When no remover is used the value ex-
tracted is (712 4 19) s by fitting only for tpoq > 80 s,
to match that done for the other two measurements. In
Sec. [V] it was shown by fitting simulated data points
that 7y & Tior = (7, ¢ —|—Tg_a§ +7L )7t 71 is the Eiot

walls * Twalls

averaged loss rate caused by the Fomblin grease at the
bottom and sidewall of the trap that can be calculated
with the measured 1o (Etot ), Vet (Etot) and Aefr 1oss(Ftot )-
Therefore, we have shown that 7, can be extracted from
Tft-

The extracted 7, along with statistical and conserva-
tive systematic uncertainties (described in Sec. are
summarized in Table[[TT] A value of (89536 sar 42 sys) 8
was extracted for the 65 cm remover measurement,
(881 £ 324¢at fi‘; sys) s for the 80 cm remover, and

(712 £ 19 stat fgg sys) 8 for with no remover. The former
two values agree with the PDG values (see Fig. , while
the latter from no remover exhibits a Ar, = (128 fi?) S
disagreement (i.e. approximately 3.5 o) when combining
the statistical and systematic uncertainties in quadra-
ture, clearly showing the effects of poor cleaning. The
two values from the measurements using the remover
can be combined in a weighted average, with the larger
of the asymmetric systematic errors combined with the
statistical error in quadrature, to produce a value of
n = (887 £ 39) s determined from these 1st phase mea-
surements.

By using generated data with the same holding time
and statistical errors as the no remover measurement,
the possible A7, caused by above-threshold UCNs can
be estimated. It was found that if the above-threshold
UCNSs have a total storage time constant anywhere be-
tween ~ 150-450 s, a 5% fraction in the no remover mea-
surement can produce A7, = (21 £ 28) s, smaller than
the shift observed. It is more likely that the fraction
of above-threshold UCNs present was ~ 10-15%. This is
still fairly good agreement for a population of UCNs that
are difficult to understand, especially since the Fomblin
grease at the bottom of the trap was not at an uniform



height, as it was applied by hand, and only kinetic theory
calculations were made for the no absorber configuration.

The tiny fraction of above-threshold UCNs remaining
after cleaning for the 65 cm remover measurement sug-
gests that the remover height and also the cleaning time
can be further optimized in the experiment. For instance,
if a 75 cm remover is used instead while keeping the 80 s
cleaning time, Ar, ~ 1073 s is expected, better than two
orders-of-magnitude below requirement. The percentage
of well-trapped UCNs remaining for the 75 cm remover
compared to when no absorber is used would be 70%.
For the 85 cm and 65 cm remover, this percentage is 90%
and 45%. Furthermore, these numbers are dependent on
the UCN spectrum: for a softer spectrum the remaining
well-trapped percentage would increase.

In Sec. [V]] the effects of depolarization loss of UCNs
were studied in measurements scanning the bias field
solenoid current. This showed that the minimum 2 mT
bias field used for the measurements does not cause a sta-
tistically significant loss within the uncertainties of the
measurements.

VIII. FUTURE

These 1st phase measurements played a crucial role
in demonstrating a successful spectral cleaning scheme,
which guided the trap design to be vertical for the next
phase measurements of the HOPE project. These mea-
surements will involve a full 3D magnetic trap by adding
a bottom superconducting end coil and a superconduct-
ing bias field solenoid. There will also be a thin-walled
stainless steel tube inserted inside the magnet inner bore
(Fig. [14).

We plan on employing the same cleaning technique
demonstrated here by using a movable non-specular re-
flecting piston that can be inserted into the trap from
the bottom. The end coil is ramped up after the piston
is inserted, so that the UCNs are not heated by the in-
creasing magnetic field. Having the stainless steel on the
sidewall does not reduce the cleaning time in the trap
(see Fig. E[) This cleaning scheme also does not cause
a large loss of well-trapped UCNs because even with the
Fomblin grease at the bottom of the trap Tior ~ 820 s.
This technique also has the advantage that when the re-
flector and remover is retracted after cleaning, UCNs are
not heated from doppler reflections. A more detailed dis-
cussion of other cleaning schemes considered is given in
[48].

Besides the cleaning scheme, which has been discussed
in detail already, the bias field used for suppressing UCN
depolarization can be as large as 0.3 T because of the
superconducting solenoid. To indirectly study the effect
of depolarization, the bias field strength can be scanned
to see its effect on Tiot.

Indirect depolarization studies done this way are only
sensitive to depolarization loss in the low field regions of
the trap, and not by field imperfections near the wall.
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superconducting UCN
upper end coil remover
Halbach

octupole array

superconducting inner stainless

bias field coil steel tube
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L |

i k JUCNs to detector

non-specular UCN
reflecting piston

FIG. 14. (Color online) Schematic of the next phase measure-
ments of the HOPE project with full 3D magnetic trapping.
The movable components are shown with the green arrows
and nominal “flow” of UCNs into and out of the shown parts
of the setup are indicated by the red arrows. The supercon-
ducting upper end coil is only used if focussing of the charged
neutron decay products onto a detector is required (not dis-
cussed in this paper).

In the 3D magnetic field setup, the bottom of the trap
will be coupled to a UCN detector so that depolarized
UCNs can be counted during the holding time. This
is allowed by the inner stainless steel tube, which has
Uss = 185 neV. Live depolarization monitoring will
let us set an experimentally determined upper limit of
the depolarization loss rate. Another advantage offered
by the tube is that it separates the high outgassing
hydrocarbon-based epoxy used on the magnet walls from
the vacuum space of the UCNs. This will reduce loss
caused by residual gas. In 2014 commissioning mea-
surements with the superconducting coils were performed

The HOPE magnetic trap’s volume is relatively small,



a 2 L physical volume only, however, the experimental
design as discussed above offers a great control of sys-
tematics. The ~ 30 s statistical precision of each 7,
measurement in this paper took approximately 2 days
on the PF2-TES beam, which is ~ 20 times weaker than
the other UCN beams on the PF2 source. This suggests
[66] that a statistical precision of ~ 5 s can be reached
at other ports of PF2 for a 10-live-day measurement, al-
lowing time for systematic studies within a 50 day cycle.

A better scheme is the planned use of the HOPE mag-
netic trap with the SUN2 high-density superfluid helium
UCN source at the ILL [54H56]. This source is optimized
for filling small volumes and offers a softer UCN spec-
trum, which is better suited for the HOPE magnetic
trap. With this configuration a robust ~1-s-precision
measurement with excellent control of systematics, much
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needed for the neutron $-decay community, can be made.
For sub-1-s-precision measurements, the future Super-
SUN source [57] can be used.
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