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ABSTRACT

In this paperwe reporstudies ofthe Fermipotentiadnd loss per bounce wifracold neutrons (UCNs) on a deuterated scintilla-
tor (Eljen-299-020hese UCN propertiesthfe scintillator enable its use in a wide varégigliahtions in fundamenéaltron
research.

Published under license by AIP Publishing.

I.INTRODUCTION experiments utilize trapped UCNs, which are neutrons with kine
energy less than 350 m¢\this energyhe UCNs can undergo

In the Standard Modef particle physidhie free neutron total external reflection on materiahmdhtbeir kinetic energy
decay (n = p + @Hhasa characteristic lifetime af about is on the same scale as their gravitatidmakgnetic potential
15 minThere are two different methods for measuripgrr energiehe UCN bottle experiments utilize these UCN proper-
iments thatneasure the decay rataeaftrons in cold neutron ties to trap the neutrons and measure numbers that remain afte
beams” and experimenthatmeasure the survivdlbottled a certain storage tinveth an average lifetime resfil879.5
ultracold neutrons (UCNSBy counting the number of protoas0.4 sThese two methods differ by 8.7 s or 4.5 standard devi-
emitted from neutron beta decay in a well-calibrated cold aigons ( ).Recentlysome authors have suggested the possi-
tron beamthe beam method measures the mean time for rélity ofhidden decay/oscillation channétseeafieutron decay
trons to decay into protons, with an average result of 888 that hdve.so far eluded detéctidtthough many experiments
In the Standard Modéhis time is equivaldotthe totaheu- have eliminated some of these decay'chcaaumaks parameter
tron lifetime with the exceptiobhefrare process néutrons space still remainsSWe propose a new experirrtentneasure
decaying into bound hydrogen atoms and electron antineudtrénmsutron beta decay lifetime by measuring the number of ne
which has a calculated branching ratix af%.’ ° The bottle trons and the number of beta decays similar to the beam lifetirr
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FIG. 1. Red/blue points are the data with error bars for recefeam/bottle neu-

tron lifetime experiments. The red/blue bands are the average values for the two  FIG: 2 Sample neutron reflectometry data for a neutron wavelength inteni
methods with+cerror bands. 10 A-13 A at 0.9°, The fit is a combination of two Gaussian fits centered around

the specular and off-specular component.

experiments. The main difference in the proposed experiment is that
we will measure the electrons from beta decay as opposed to the pro-
tons, which will be subjected to entirely different systematic efifeethigh surface roughness of the sample yielded intense o
The experiment wie a bottle madedsuterated polystyrengpecular scatterifige subtraction tfe off-specular scattering
(d-PS) based scintillator to trap the UCNs and simultaneousilynalefom the specular reflection, R(q), was accomplished by f
sure the electrons from beta decay. In this paper, we repoffittirsgudhe data to two Gaussian peaks. Only the data within the
of the Fermi potential and loss per bounce properties of arstaiatard deviation region of the fitted specular reflection centrc
299-02D deuterated scintillati@h a scintillator could also bare then included in the A to g space conversion. We suspect th
used in other UCN related experiments due to its UCN storagyanmetric nature of the off-specular reflection was due to geo
properties. ric defects of the sample at a scale larger than the coherence le
the neutron beam. In this case, the off-specular reflections at st
angles wibde shadowed by the surface matssidlackground
II.FERMI POTENTIAL subtraction scheme of the off-specular reflection introduced a s
The Fermi potential of d-PS was measured using Astertenaatiimancertainty in the measufenmeitigate the influence
of flight neutron reflectometer at the Los Alamos Neutron Scattering
Center (LANSCEY}.Asterix views a liquid tdoderator provid-
ing a pulsed polychromatic cold neutron beam with wavelengths
A, ranging from 4 A to 13 Rhe neutron beam divergence and
spotsize on the sample were controlled by two setlsmét-
ing slits. Reflectivity, R(q), is defined as the ratio of the intensity
the reflected beam to the incident beam as a function of the neu
tron momentum transfer vector normal to the reflecting surface,
where g = 4 sin(6)/A. Total external reflection was measured up
a criticamomentum transfer= 16mBwhere B is the scatter- %
ing length density of the sample. The relationship between $“and

Fermi potentialg, s given in Eq. (1), wheiie the mass of the
neutron,
2P
VE=——8. 1
(i B (1) 1 | | | | | |
Multiple neutron reflectometry experimamnesperformed to 0.014 0015 0016 0017 0018 0019  0.02
measure. gsing the polychromatic beam with incidence angles on )

the sampl@,ranging from approximateR@%Band approxi-

mately 10% dq/q resolution. Scattered neutrons were coll¢ FIG. 3. Neutron reflectometry data (symbols) and fits (lines) to d-PS for three sets
a linearHe position sensitive detector as a funcl@mdfA, of incidentangles. An average scattering length densityj, was obtained by fit-
which simultaneously captured both the specular reflectiv ting the Fresnel reflectivity function to the multiple datasets. Three measurements

3 . P . using different incident angles of the neutrons were used to ensure the accuracy
?nd of)f specular scattering originating from the surface ro of the fittecBvalue,

Rev. Sci. Instrum. 92, 023305 (2021); doi: 10.1063/5.0030972 92, 023305-2
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of background subtraction on the value of the Fermi potential 108 o o
tiple measurements were made using different incident angles Off et serssem LN
neutron beam on the sample ( ).

The reflectivity curves were fitted using Fresnel’s law fog, refle
tion from an ideainterfacewhich captureshe totalexternal & 402
reflection afieutrons up to.dollowed by addropininten- 3
sity.A normalization factor and the B for d-PS were the only¢hree
parameters used in thafit] error estimates on the B parameg
ter were based on’a-xl metri¥alues obtained for g from fit-§ 0
ting three independent measurements were 6.42°4-¢,08 xF10
6.53 + 0.12 ¥ W2 and 6.48 + 0.11 ¥ 02 correspond-
ing to Fermipotentials df67.2 + 2.1 ndV,0.0 = 3.1 newd

Data No Scintillator

T

= = Fit No Scintillator

—&— Data Scintillator

e Fit Scintillator

168.7i2.9neM/eragingthethreemeasuremyeimtdsaﬁ T N

of 6.48 + 0.06 x°¥0? corresponding to a Ferputentiadf 1150 200 250 300 350 400 450 500 550 600
168.2 = 1.5 neV. Time (s)

HI.SCINTILLATOR LOSS-PER-BOUNCE FIG. 5. Histogram of the totahumber counts seen by the pinhole detector for the
MEASUREMENT two different run configurations as a function of time. The solid and dashed lines

. represent the measurements with and without the deuterated scintillator, respec-
A loss-per-bounce measurement for the Eljen-299-02L tively. A globalfit of the two datasets was performed using two free parameters,

lator was performed by measuring the lifetimes of a stainl loss per bounce of the stainless-stekbttle, and loss factorf, of the scintillator.

UCN bottle with and without the scintillator placed inside t The eql_JiIib_rium plateau of each configuration (150 s-300 s) was used to fit for the

tle.The volume and surface areh@bottle are 3270°@nd  "ormalization factor of each dataset.

1350 ch respectivelgnd the surface areaioé scintillator is

292 cfaThe UCN bottle was connected to a port off the Lo§okltimeogelocity dependence of UCN entering the pinhole detect

UCN source and was separated from the deuterium volumegBy@', 71, and Firepresent the UCN loss rates due to neu-

0.001 thick 1100 series aluminunifad.aluminum fdibs a  tron lifetime, stainless steel bottle, pinhole detector, and scintill

calculated Fermi potemtfifl0 neVihich sets the lower boundespectively,

of the UCN energy spectriine bottle was raised 0.635 m from

the beamline to reduce the energy of the incomingHikNs, N(t) = Emaxp(E)Ve—t/r(E)dE

can have energy up to the Fermi potential of the nickel-phosphorus fEm,-n ' (2)

coated source guide (213°A&N¥.ensures that the UCN will not gy 1= 714 wE) 14 ¢ 1y e (F)

have enough energy to penetrate the Fermi potential of the scintil(la)- i+ b BinholtE) geinkE)

tor (168 neV). The UCNs are loaded into the bottle for 30015 witd)hger, we used the initial velocity distribution as outlinec

upstream gate valves open. Once the UCN density is well spifgratednd 22, where the collision rate weighted velocity distr

inside the bottle gate valves are then clasddhe lifetime tion is pv -4 { This initial spectrum is then adjusted to account fc

curve of the bottle is extracted by monitoring the rate of UGN te§ght difference and loading time as showi iwtEre

through a 0.635 cm diameter pinhole boron fili(detekor E and Fseare the kinetic energies of the UCN and the rise in the

The lifetime curves with and withbetscintillator are shown height of the beamline (64.8 neV), respectively. Here, we have (

in . . o an energy range of 64.8 neV-186 neV for the initial spectrum. T
The analysis for the loss per bounce of the scintillator asdfénergy of 186 neV was used instead of the source cut-of

formed simultaneously using the two datasets: the loss pesragpasf 213 neV to match the Fermi potential of the stainless

the stainless steel UCN bottle is a fitting parameter for bouittdasi®nstream of the ATHhislis a good approximation of

and the loss per bounce of the scintillator is only relevant fae th&-off energy of the spectrum sincethe UCN bottle is filled

dataset with the scintillator. The spectral evolution model Eé@dsfﬁéﬁlénergy spectrum is then modifietEby Esd/E to

the two datasets is described in Eq. (2), where N(t) is the BemRR{t3br the change in the UCN momentum due to the rise ir

UCN observed by the pinhole detector as a function of timg,@(&)he Los Alamos UCN source is pulsed at 0.1 Hz. To repre-

the initial energy spectrum of the UCN, and T(E) is the bot§{glif@e time evolution of the initial spectrum properly, we sum

time as a function of energy. An additional velocity We'ght?fﬁ‘i’i‘ﬂﬁtisspectra that have been evolved from t = 0 s to t = 30(

Boron Film
Detector

p(E,h =0, t=0) dB-3=i/cE,

p(E, h =0.635m, t = 0) 4= E—Fe g,
0.635 cm pinhole
30 35 E - Ese. (3)
P(E,h=0.635m, t= 3002(#% : —
=031 E
FIG. 4. Schematic diagram for the loss-per-bounce measurement. x éloi/T(E) dE
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In our modelwe assume thdte initialzelocity directions the systematic effectthefinput energy spectrum on the fit by
of the UCN are sufficiently mixed that the kinetic theory fovarging the energy dependerm&pfThe results showed that
interacting gas applies in the calculation of the wall interatttimmpateenergy spectrum varied ffdrffioE the 3+ 1 region
[Eq. (4)], where A is the total surface area of the material,Withis theed franging from 4.86 to 4.94 *1Thereforewe
magnitude of the UCN velocity, and U is the volume of therdiaiiled the finfit parameters toand lésand retained p(E)

A loss-per-bounce parameter, L, is also added onto this eqytagioh to

obtain the loss rate for each component, The measuregig larger than a previous measurement of 3.5
1 Alviu x 10%2“but we suspect that the losses in both cases are domina
T au (4) by the gaps in the joints of the vacuum assembly, and the gap :

|

to volume ratio is smaller for long guides compared to our bottl
For i, we assumed an energy independent loss-per-bouncetpshaagcounts for the discrepancy.

eter due to the combination of losses due to gaps in the system and
the losses on the surface, Fog we assumed a loss rate of ulWySURFACE ROUGHNESS MEASUREMENTS

due to the UCN detector, which is a valid assumption since thqggrcalculated value of the loss factor using the manufactul
face area for the detector is 64 times larger than the surfasg argadoélementahd isotopiccomposition (97% deuterium

the pinhole. For an energy dependent loss-per-bounce m@gy) is 1 x 1D which is smaller than the measured value of
that integrates over all incident angles is usedwBgre ¥, 4.9 + 0.8 x“1The hydrogen impurity in the scintillator is due to
is the Fermi potential of the scintillator, E is the kinetic energyi€tdific purity of deuterated styrene monomers and the hyc
UCN, and fs the ratio of the imaginary to the real part of thg:fgsPakent in the primary fluorescent emitter. One possible ex
potential. The fit for the loss per bounce in stainlessfeteel apeldh is that the surface is rough at or below the UCN wavelen
the scintillator is given as follows:

v v = v v
Hscm(E) 2 ffE Sin Ve E

0pm 1 2 3 4

o

299 nm

(5)

We have used an iterative approach in our analysis: first, ini 0

guesses obhd gare used to evolve the UCN energy spectrum to
300 ghenthat energy spectrum is used as an input into a global
chi-squared minimization of two datasets. The iteration is comp]
when the initigluess values foafid . match the centrall-

ues from the minimization, yielding a résult.6f+ 0.8 X*10

for the scintillatarnd an energy independirssperbounce

for stainless steélu = 5.4 + 0.1 X*W0th ¥/v = 177.17/177.
The error in the glofilwas determined by taking the limits of
the ¢+ 1 region for the &t shown in Fics. We also studied

200
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FIG. 7. (a) Sample profilometry data of a5 x5.m? spot on the deuterated

FIG. 6. Contour map showing thg? minimum of the globait as a function off polystyrene scintillator. (b) Line out from left to right as indicated by the white line

and L. The reduced chi-squared¢/v, is 1.0. The error () in the globaffit was in (a). The waviness was subtracted from data (texture) to obtain the roughness
determined using thg? +1 regions. plot.
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