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Calculation of the ultracold neutron upscattering loss probability in fluid walled storage bottles
using experimental measurements of the liquid thermomechanical properties of fomblin
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Presently, the most accurate values of the free neutron beta-decay lifetime result from measurements using
fluid-coated ultacold neutrofty CN) storage bottles. The purpose of this work is to investigate the temperature-
dependent UCN loss rate from these storage systems. To verify that the surface properites of fomblin films are
the same as the bulk properties, we present experimental measurements of the properties of a liquid “fomblin”
surface obtained by the quasielastic scattering of laser light. The properties include the surface tension and
viscosity as functions of temperature. The results are compared to measurements of the bulk fluid properties.
We then calculate the upscattering rate of UCNs from thermally excited surface capillary waves on the liquid
surface and compare the results to experimental measurements of the UCN lifetime in fomblin-fluid-walled
UCN storage bottles, and show that the excess storage loss rate for UCN energies near the fomblin potential
can be explained. The rapid temperature dependence of the fomblin storage lifetime is explained by our
analysis.
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I. INTRODUCTION 2.5x10 '<f<6Xx107". 1)

The concept of a fluid-walled ultracold neutrgCN)  The uncertainty in the fomblin molecular formula given in
storage bottle is due to Batgs] who developed and dem- [5] is a result of the coherent scattering lengths of C, F, and
onstrated the technique at the Risley reactor in the U.K. Th® being quite simila6.65, 5.60, and 5.81 fm, respectively
basic idea is that a hydrogen-free fluorinated (&imblin)  so the effective UCN potentidl is relatively insensitive to
wets glass and metal surfaces, and thereby produces a cledne relative numbers of each atomic species. On the other
chemically perfect, microscopically flat, and reproduciblehand, the nuclear absorption cross sections of C, F, and O are
UCN reflecting surface. Fomblin is quite viscous at roomquite different[3.5, 9.6= 0.5, and 0.19 mb, respectively, for
temperature; when it is sprayed onto surfaces, it drains awayhermal (2200 m/$ neutrong. Thus, the stoichiometry of
leaving a thin stable film. The fluid readily seals gaps andomblin could be better determined by simultaneously con-
holes associated with UCN entrance and exit valves, prosideringf extrapolated tol =0, which is quite sensitive to
vided that the mechanical parts fit rather closely. Fomblinthe atomic fraction of F because it has a comparatively larger
also has a very low vapor pressure. Some of the most accabsorption cross section, and which cannot be used to
rate determinations of the neutrg-decay lifetime have effectively determine the relative amounts of F and O.
been obtained with fomblin-walled storage cgis3]. For experiments operated near room temperatQe®—

There is some uncertainty in the chemical formula of320 K), it is found that
fomblin Y Vac 18/8(manufactured by Ausimont/Montedison
Group, the material most widely used in UCN storage ex- 2X10 5<f<6x10°° 2
periments. The mean molecular weight is 2650, and the
stoichiometry is roughly ¢FsO, with density at 20°C of and the temperature dependencé sf much faster than be-
1.89 g/cni, with a mean effective UCN potential of ing proportional toT or T as might be expected due to
=106.5 neV. The UCN loss coefficiefit4], Eqg. (2.66] is  atomic and molecular fluctuations in the wédke, e.g.[4],
given by the ratio of the imaginarW to real partV of the  Sec. 2.4.5 and, in fact, seems to follow the viscosity tem-

effective UCN potential, perature dependence rather closely. Some attempts were
made to explain the observed temperature dependente of
fo W ok For example, if there is a d/cross section for slow neutrons
“V 4rma’ due to upscattering in the fluid, this cross section can be used

to modify W to include this loss mechanism and, in this
whereo, is the total 14 loss cross section for neutrons with regard, the transmission of 60 A neutrons through a sample
wave numbek, anda is the coherent scattering lengtthas  of fomblin as a function of sample temperature was mea-
contributions from nuclear absorption and bulk processessured[6]. These measurements are discussg@jmwhere it
e.g., upscattering which occurs for temperatlire 0. For s stated that the temperature dependendecofmes within a
the range of formulas for fomblin given ib], the possible factor of 1.5 of explaining the experimentally observed tem-
values off due to nuclear absorption lie in the range perature dependence of the loss rate. The loss rate for the
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lowest temperature 218 K7] implies f =6+2x 10" ® which Vacuum Tip-Off
is still an order of magnitude greater than Hd). More Fomblin
recent measurements by Morozov of the transmission of 9 «— Fiducial
m/s neutrons through a 4-mme-thick sample as a function of *— Marks
temperature are consistent with these req@is

It is possible thatf(T) has contributions from different
sources. The purpose of our work reported here is to evaluate [ 2mm
the upscattering loss of UCN due to thermally excited 48 mm
surface capillary waves. Pokotilovski has investigated the
energy broadening ofmonochromatic UCN stored in a
fluid-walled bottle[9,10]; this is a question closely related
to the upscattering loss, but it seems to us that the @

temperature-dependent loss rate is an experimentally better
studied phenomenon but is lacking a fundamental explana-
tion. The principal data we will address were obtained by

Richardsoret al. [11]. FIG. 1. Schematic of the viscosity measurement apparatus.
II. EXPERIMENTAL DETERMINATION volume, andR is the capillary radius. The time to drain the
OF THE THERMOMECHANICAL PROPERTIES volume varied from about 150 s at the lowest temperatures,
OF FOMBLIN Y Vac 18/8 to abou 2 s at thehighest temperatures; at the lowest tem-

_ _ _ ) peratures, the constancy and value of the temperature were

Although the properties of th|s material are available frompe major uncertainty£ 1.2 K), while at high temperatures,
the manufacturer, we thought it prudent to perform measureghe timing (to 0.1 s accuradywas the principal limitation to
ments ourselves under conditions similar to those used in ajpe accuracy. In addition, there is a small correction associ-
experiment. The sample of fomblin Y Vac 18(8ereafter  4teq with the change in height of the liquid layer as the
referred to as fomblinwas obtained from that used [2].  fomplin drains, but it is less than 5%. The results are shown
There is anecdotal evidence that the viscosity changes fgp, Fig. 2 and are in good agreement with, and follow the
degassed samples in vacuum compared to samples that haygnds of, values reported by the manufact(te®, 0.09, and
been stored a long time in air. We therefore performed oup 02 cn?/s at 293, 393, and 493 K, respectivelyn the
measurements with the fomblin under vacuum when posgange of measurements, the viscosity is adequately described

sible, with the material being introduced into the variousty within experimental error by the following empirical
apparatuses to be discussed by distillation under higlyrmula:

vacuum P<5x10"7 torr).
These measurements were done in August 1991; some »(T)=2.0x 107e~ %955 1 9oOT ~ 32, ()
details were loste.g., specific equipment models employed

but given the modest accuracy of the results, these details A erey is in c/s. andT is measured in K. with estimated

not important. accuracy over the temperature range 280—308 K which will

S be used later.
A. Mechanical viscosity measurement

1

The viscosity was determined by the time it took for a 10 . . . . . . . . .
known volume of fomblin to drain through a Pyrex capillary
of known length and diameter, under the influence of gravity.
The glass system comprising two relatively large volumes
connected by a capillary is shown in Fig. 1. Marks were
placed on the large tubes corresponding to a volume
=0.425-0.005 cni. The capillary diameter was 2.00
+0.01 mm, with length 4.80.1 cm.

Fomblin was distilled into the glass measurement appara:
tus under high vacuum; the glass was sealed off from the
vacuum system, and the time to drain the known volume wasg
measured as a function of temperature, with the temperatur
determined by a water bath. The kinematic viscosity is given

by [[12], Eq. (17.10]

Fomblin Y Vac 18/8 Viscosity

Empirical fit: v(T)=2x10"6~%%%7 + 900/T%2 cm?/s

ity v [cmgls]
=

ic viscosi

nemati

-1 ) ) ) ) ) ) ) ) )
7Tg 4 270 280 290 300 310 320 330 340 350 360 370

! (VIt) R%, () Temperature T [K]

_ _ o _ ) FIG. 2. Temperature dependence of the fomblin viscosity from
wherev is the kinematic viscosityg the acceleration of grav- mechanical measurement&rosses and laser light scattering
ity, V is the known volumet is the time to drain the known (squares
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0.08 ' ' ' - ' any significant way. The idea is that the surface undergoes a
0 sort of Brownian motion due to thermal fluctuations.
Fomblin Y Vaci8/s The theory describing the two-dimensional thermally ex-
0081 Temparature Expansion I cited surface capillary waves has been developed by Bou-

chiat and Meunier; when presented as time and two-
dimensional surface Fourier transforms, the mean-square
height fluctuations are described 3]

% Volume Change

Py(0)=Poyq)= 2 412 - 7
002} ] a(@)=Plo.q)= 22 rIm gl @
where
ol ]
D(S)=y+(1+S)>—J1+2S, (8)
-0.02 . . . y .
260 280 300 320 340 360 380 ap P

TK

:_l :_l 9
y 4772q T anz 9

FIG. 3. Volume expansion of fomblin with temperature.
where, as beforey is the surface tensiony is the density,
B. Thermal expansion and 7 is the viscosityn=vp wherev is the kinematic vis-

Fomblin was distilled into a Pyrex capillary tube of 2 mm COSIty. _ _ _ .
inside diameter, filling the tube to a length of about 5 cm. Directed laser light reflecting from this surface will be
The tube was sealed off from the vacuum system, and thecattered by time-varying surface disturbances, with surface
relative change in length of the sample as a function of temWave vectorg and frequencyo. By purposely aiming a frac-
perature was measured. The results are shown in Fig. 3; tfion of the light specularly reflected from the surface in an
principal limits to accuracy were the length measurementandle corresponding to diffraction by a disturbance with
(0.2 mm) and temperature controt0.5 K). The ther- Wave number (the “reference beamto the detector, the
mal expansion of fomblin is about 100 times larger thanlime-dependent scattered component can be measured by

Pyrex, so the expansion of the glass is an insignificant cofoeating with the reference beam. The reference beam is pro-

rection. The density as a function of temperature is given byluced by placing a weak transmission diffraction grating in
the specularly reflected beaftiis grating also intercepts the

p(T)=1.891+8.97x10 4(294—T)] glcnt, (5) scattered light which is extremely weaK his technique was
proposed and developed by’idaet al. [14]. The specific
where T is measured in K, and the accuracy of this fit is apparatus that we used is described1if], with the excep-
about 5%. The temperature dependence of the density is paien of the vacuum sample cell. As discussed 15], data
ticularly important because it leads directly to a temperaturevere acquired with the apparatus on a vibration isolated op-
dependence of the effective UCN potential. This informationtical table. In addition, the vacuum sample cell isolated the
was not available from the manufacturer. liquid surface from disturbing air currents which were a
problem for free-liquid surfaces in air.
The fomblin sample was contained under vacuum in a

, , cubical cell; the cell was constructed of 5-mm-thick float
The surface tension was measured using a Cenco StUderéVass plates and had internal dimension of 4 cgiued to-

demonstration tensiometer which in essence measures the gfe‘ther with Torr-Seal epoxyVarian). A 5-mm-diam Pyrex
storing force against a length of wire pulled up against thepe \yas glued into a hole drilled in the top plate; fomblin
liquid surface. Unfortunately, there was no simple way 10as distilled into the celito a depth of 3 mmthrough this
perform this measurement on a sample under vacuum. Th&pa and then sealed off from the vacuum system.
apparatus was c_alibrated with de-ionized water. For fomblin, 14 cube was cooled/heated from the bottom with a
the surface tension was found to be Peltier device, and the temperature was controlled with a
6) simple feedback loop. Light was directed onto the liquid sur-
face at an angle of approximately 70° from normal through

and was independent of temperature to within measure?"® of the vertical walls of the cell; the scattered and specu-

ment accuracy. The value quoted by the manufacturer is otgrly reflected light exited the opposite vertical wall. The
dyn/cm. laser light was detected with p-i-n photodiode, and the

heterodyne signal was Fourier analyzed with a Hewlett-
Packard audio frequency spectrum analyzer. Results as a
function of temperature and are shown in Fig. 4. Also

By use of a heterodyne laser scattering technique, the dyshown are four-parameter fits to E(Y); these parameters
namic liquid surface properties of fomblin could be mea-include 7, y, an amplitude factor, and a dc offset. Results of
sured directly without physically contacting the surface inthe fits are given in Table I.

C. Surface tension

a=24+1 dyn/cm

D. Liquid properties by light scattering
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- 200 z where A is the surface area. If we imaginéto be a square
5 5 500 with dimensions. so A=L2, the effective spread ig, and
g T=.’?»47K1 g 400 T=310K H
K - & q=181.6 cm™ Qy 1S
$ 2 300
-7‘;1 & 200 27 1 1
< 5 100 AqX:Aqy:THX:quxdqu (11)
2 0 500 1000 1500 = 00 100 200 300
f Hz) f (Hz] and therefore, to cast Eq7) per unitq,qy, a factor of
- 400 5 60 1/(27)? is required.
E 5 Second, the integral dP(w,q) over w should give the
g g static result, Eq(10):
: 2 . keTq , [=dx| 1
g £ J ELCLIG PP f ax 1
Ple@de=—0m1m ] b
=z =4
0 200 400 600 0 100 200 300
f [Ha] f [Hz] _ kgT q LT kgT
R ] (12)

FIG. 4. Experimental measurements of heterodyne detected in-

ela_stlc_ light s_catterlng with theoretical fits, for various temperaturesWhere the integration was performed by noting that the only
as indicated in plots.

pole of the integrand is at=0; by integrating along the real

. . o axis and taking a semicircle around the origin, the integral is
The inferred values of and « are also given in in Table i times the residue at=0 which is 1/(-iy).

I. As can be seen, these results agree with previous mechani-
cal measurements; the values ofare plotted in Fig. 2,

shown as squares. B. Possible corrections to Eq(7)
The coating obtained by spraying fomblin and allowing
. CALCULATION OF THE UPSCATTERING LOSS the material to drain to a thin, stable film are of order
RATE DUE TO THERMALLY EXCITED SURFACE 10" * cm thick or greater. The multiplicative correction fac-
CAPILLARY WAVES tor to the capillary wave dispersion relationship, due to finite

film thickness, is very roughly proportional to tagiyf
The surface waves described in Sec. I1D can inelasticallyvhered is the film thickness [12], Sec. 62, Problem)1For
scatter(diffract) a UCN that reflects from the surface. The q of interest for UCN scattering, I¢ cmxqg>1, so
probability to upscatter a UCN to an energy outside the UCNanhqd~1, so we expect no significant effect due to film
range can be calculated using H@) when it is properly  thickness. However, at higher temperatures where the viscos-
normalized. The formalism describing nonspecular inelastigty is low, the films might drain to layers thin enough so that
scattering was developed by Pokotilov$kD] and we will  there is a substantial correction. The net effect will be to

use his results with minor modifications. reduce the upscatter rate.
We are also considering rather high-frequency waves; it
A. Normalization of Eq. (7) might be expected that the fomblin has some frequency de-

. . pendence. However, fomblin appears to be a Newtonian fluid
The work of[13] was intended to derive thg spectrum of (e.g., light scattering and mechanical measurements had no
the surface fluctuations; the absolute normalization appeacs, o malous behavipand the fomblin molecules are not very
to have been of secondary importance. For our case, thgyqe on the scale of what is considered a polymer. The mo-
over_all magnltut_je is of crucial importance. lecular collisional frequency of fomblin molecules, which is
_ First, the static average surface distortion, based on staligie of the factors that determines the viscosity, is much
tical mechanics considerations, is given as higher than the frequencies of interest for UCN scattering
K (e.g., 16 Hz compared to more than 1tHz). For the analy-
|§q(—0)|2: LT, (10  Sis presented here, we will assume that the low-frequency
ag?A measurements described earlier in this paper are applicable.

TABLE |. Results of fits to the data shown in Fig. 4.

T (K) q (cm b 277 (9 y v (cn¥/s) o (dyn/cm)
286 90.8 1.30.2x10°4 5+1x10°° 2.9+04 28+8
300 90.8 2.30.2x10°4 2.2+0.8x107°2 1.52+0.15 3414
309 181.6 1.60.1x10°* 2.1+0.2x107°2 0.87+0.09 25t 4
347 90.8 1.+0.1x10°8 0.32+0.01 0.30-0.03 26+ 3
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FIG. 5. Kinematics of UCN scattering from surface waves; the

final energy is greater than the initial energy.

C. Kinematics

Let us consider an incident neutron with wave vectoe

PHYSICAL REVIEW 66, 044309 (2002
wherek?, is given by Eq.(18).

D. Loss probability per bounce

The probability of loss per bounce was calculated by
Pokotilovski[10]:

. ki, —iK;; N
Wg,0,= 8KizKizP(@,q) KoKy, =8FKkik;,P(w,q),
(21
where
Kiz,fz: ktz:_kiz,fzv (22)

set the azimuthal angle of the incoming wave to zero withoutVith K¢ the critical momentum for UCN reflection. This

loss of generality referring to Fig. 5,

k?=2mE /42,
(13

k; = ki X+ ki,z= ki (sin 6,x+c0s6,2),

equation results from determining the scattered wave func-
tion amplitude then calculating the probability current nor-
mal to the surface. Pokotilovski was interested in below-
barrier upscattering in which case the fackor 1.

In the case where the final UCN energy is higher than the

where the polar angl#; is defined relative to the surface wall potential, some care must be used in calculating the

normal which is taken along, andE; is the incident UCN

upscatter loss probability. The UCN will be lost from the

energy. The surface wave disturbance can be described bysystem if the final neutron energy is greater than the wall

0= GuX+ 0,y =q(COSPX+Sindgy), (14)

potential. This loss has two componen(i$:The upscattered
reflected wave will be lost from the systefii) The compo-
nent of the scattered wave within the wéillm) is not an

where ¢ is the azimuthal angle relative to the incident neu-eyanescent wave, but is a propagating wiavg.,K;, in Eq.

tron momentum.

(6) of [10] or Eq. (22 above is imaginary We must there-

When a UCN diffracts from the time-varying surface, en-fore account for this loss for the wave transmitted into the
ergy and momentum are conserveee consider first upscat-  material. Referring to EqgA6.21) and (A6.22) of [4], the

tering, e.g., the UCN gains enelgy

2Mw
k?=k?+ — (15)
We can consider a UCN of specifidd, hence|k;| is
specified, and choose which determinesk;|; choosingq

determineds and ¢;, the polar angles of the outgoing neu-
tron wave vector. The components of the wave vector in the
liquid surface planddenoted by subscri) change on re-

flection by
kis=kis+q (16)
or
kix=kising+qcos¢, ki=qsine. 17
For the component df; normal to the surface,
kf, = kf— ki —kf,=0, (18

where the inequality constrains the valuesqofor allowed
scattering. This sets a range on the magnitudeg: of

OSq$qmax: kf‘l‘ ki . (19)
In particular, we can define a kinematic factor such that
1 ifk3,=0

K(E;.6i,0.0,)= 0 otherwise 20

amplitudes of the reflected and transmitted upscattered
waves are equal. The probability current perpendicular to the
liquid surface determines the lo§%6]; e.g., in Eq. 21 the

factor k;,— ki, + \/szz— kcz. Thus,
1 if k?,<k?
F= k2 23
. °2 — otherwise. 23
sz[(kfz_kc) +kfz]

The UCN will be lost from the system if its final energy is
greater than the wall potentigl We can recast this in terms
of allowed wave frequencies: For UCN loss to occur,

wtwe>w.=VIh, hoy=E;, (24

whereE; is the incident UCN energy. Thus, there is a mini-
mum o for upscattering loss,

Wmin= W™ Wo- (25

The differential probability that a UCN, witk;, 6,, and
o specified, is upscattered and lost from the system due to
surface waves in a small range around a vajlig given by

P(w,q)
dpsw= BFKizKs Wi (ZT)Zd axd dewl (26)

wherew; is a weighting factor giving the probability for a
UCN to be incident at anglé; ,
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Fig. 6, the surface wave upscatter loss probability drops rap-
idly with energy. However, the temperature variatiorf ias
derived from these fits seems nonphysical.

In general, a full Monte Carlo analysis of the system is
required. For example, in a realistic storage system, the
weight function, Eq(27), becomes a function of geometry.
UGN Energy However, 80% of the UCN loss for Eq28) occurs for
e [nevl angles between 20° and 60°, so at the 10—-20% level of
accuracy, we can neglect modification of the weight function.
Furthermore, a full Monte Carlo analysis would require
‘ o} knowledge of the liquid surface specularity for UCN reflec-
50 tion which is not known. Another fortunate feature of the
measurements of Refl1] is that the cylindrical storage cell
height ZR=6.6 cm leads to a small change in UCN energy

95
90

Loss Probability per Bounce (Surface Waves)
= =
b IS

107 10 3 as a function of position in the cellf% effec) that can be
260 260 200 220 240 260 280 modeled, as described below, with 10% accuracy.
Fomblin Temperature T [K] For our reanalysis of the experimental data of Réd],

- . we use our experimentally determined values for viscosity

FIG. 6. Probability for UCN to upscatter to energy higher than . .
the wall potential, as a function of temperature. Included are th(LEQ'I (4)t]’tgen5'tY[th'. (‘?]’ a_ndﬂs1urface Tensd\;"\z’q'f(.?t)]’dat?]d b
temperature dependences of the viscosity and density. The effective-d €€t the uncertainties in these values. We Titte € 0b-

potential is modified for the density change. served lifetime versus energy dataftandA,, was done as in
[11], but included all data points and the surface wave up-

5 aing. _ scatter loss described by E@8). However, particularly for
Wi =2 Sin6,cos6; 27) E; close toV, we need to take into account the effects of
andda,da,=qdqde. gravity in the storage bottle which was a horizontal cylinder

The total probability for loss is equal to the integraidgf ~ With radiusR=3.3 cm and lengttL = 160. There are two
overq andé, followed by an integration ovef, , and finally effects that need to be accounted for. First, the upscatter loss

over o with 0>, function energy dependence is very steepEpapproaching
V. Second, a UCN that upscatters at the “top” of the storage
o w2 vessel will gain energy as it falls and will eventually be lost
MswEi T, 0min) = dwf w;d; from the system if the final enerdy;=V —2mgR[16]. This
@min

effect can be modeled by varying.,i, in Eq. (28) as a

w Umax function of height in the bottle.
x 2] dd’f qdgK(E;, 6 ,0,9,¢) The total average lifetime for a UCN with initial energy
0 0 (monochromatig specified at a horizontal plane that inter-
P(w,q) sects and divides the storage vessel into two halves at the
><8Fkizkfz(zT)2 , (28 cylinder axis can be readily determined. The rate of loss can
be written
whereK is defined in Eq(20), and the dependence af,, on 1 1 _
the temperature(due to, e.g., the viscosity and density EIT—Jerv(E)Mmt(E), (29
change of fomblin and incident UCN energ§; and mini- B
mgir;‘afgdergw’min to upscatter to greater thanis explicitly —\pere 75 is the neutron beta-decay lifetimkjs the mean
; free path,
The integration is analytically unwieldy, so it has been P
performed numerically. The results, taking into account the 1 1
temperature dependence of the viscosity and defiisépce I*1=Z+ >R’ (30

effective UCN potentiglof fomblin, are shown in Fig. 6.

The slow curvature with increasing temperatyhence . . .
decreasing viscosifyresults from they term in Eq. (7), U_(E) is magnitude of the UCN velocity at the plane, and

which is proportional to the surface tension, becoming im-“tot(E) is the total loss per bounce averaged over the storage

portant. vessel walls. The height-dependent total loss is given by
1/2]
E. Reanalysis of previous data wiot(E,0)=|1— @ w(E—mgRcos6)
It is noted in[11] that a simple fit to a value dfand to
losses through holes and gaps of total adgadoes not ex- + usw(E—mgRcoso, T, wnin
plain the observed lifetimes of a fluid-walled bottle for ener- A
gies within 10 neV ofV. There is enough flexibility iff and —2mgRcos6) + _h} (32)
Ay, to adequately fit the lower values of energy; as seen in 4Vy
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= (7] - -
= 300 . 5900
200} 4 200 1
100 15 25 35 5 55 &5 75 85 o5 105 100— y v ’ ; v v x
10 20 30 40 50 60 70 80 9 100
. UCN Energy [neV] UCN Energy [neV]
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FIG. 7. Least squares fit to 294 K data frdil]. The experi-

mentally determined values=1.89 g/cni, »=2.0 cnf/s, anda mentally determined values=1.87 g/cm, v=1.0 cn¥ls. anda

=24 dyn/ent were used in the fit t8,, andf, resulting in a reduced =24 dyn/cnf were used in the fit té,, andf, resulting in a reduced

2 i o .
x“=2.1 for the fit. The upper pl_ot shows the net Il_fetlme, while the x2=2.4 for the fit. The upper plot shows the net lifetime, while the
lower plot shows the contributions from the various loss mecha L .
nismS lower plot shows the contributions to the loss rate from the various

mechanisms.

FIG. 8. Least squares fit to 308 K data frdtiil]. The experi-

where 6 is the cylinder polar angle witt=0 being the

bottom of the storage vessel, apdE) is the 1/ material The most extensive data presentedllifif are for the tem-
loss term[[4], Eq. (2.70], peratureT =294 K. Including the surface wave upscattering
loss and fitting to the two parameters results in an excellent
\Y; E\Y2 (v vz fit, as shown in Fig. 7. The decrease 4 (see Table I
u(E)=2f Earcsir( v) - E_l) } (32 compared with the fit results presented|[itl] shows the

importance of the surface wave loss for UCN energies near
As described in the Introductior, has contributions from the wall potential. It should be noted that the excess loss is

both nuclear absorption and upscattering and represents t glt]azs?(\:,\l,?[tﬁd Vc\il::h sj[low he?tt”;i% oflthe l{A\CI\\IA,/iﬁsbsugr?e;Itqeidnln
losses from the UCN evanescent wave within the film durin h ’ ut t'a tﬁc hupst_ca /e Ig Osif' f b EE)'S ocl) ;
the time of reflection. e next section, the heating/cooling effect probably does no

. - . alter the functional form shown in Fig. 7.
The first factor in Eq(31) expresses the change in wall . -
collision frequency as a function of height and has a 2% Fits to the 283 K and 308 K data are shown in Figs. 8 and

effect forE~V. The average of the storage walls is qiven b 9, with fit results tabulated in Table Il. Again, including the
' g g 9 Y surface wave upscattering loss provides an explanation of the

1 (n extra loss rate for the higher-energy UCN.
wior E) = _f wiol(E, 0)d6. (33 It should be noted that the? for these fits is extremely
mJo sensitive to the energy; e.g., changing the energy for either of
the two highest points in Fig. 7 by 1 neV changeg? by a

This average was numerically computed and then averagddctor of 0.5— 2. Therefore, the fact that the spectrum shape
over with the the energy resolution function given([it], can be varying during storage might be evident in the data
Eq. (10), to produce total loss curves as a function of tem-and analysis, but as can be seen by directly considering Figs.
peratureT; f and A, are left as fit parameters for a giv@n  7-9, the simple analysis presented here is adequate to within

TABLE 1l. Comparison of UCN lifetime fit results without surface wave 1§8% to results using the
surface wave upscattering probability given in Sec. Il E. In both cases, the numbers of fit parameters are the
same(2, f, andAy). The results fron9] do not include the higher-energy lifetime data poin$;given in
[9] has been adjusted here to include all poit®se near 100 neV were excluded from the fif ).

Ref.[9] fit results With surface waves
Temp (K) f (107°) Ay, (mn7) x* (DOF) f (107°) Ap (mn?) x* (DOF)
283 1.90.2 3.000.5 5(4) 0.830.10 5.6(0.5 1.505)
294 2.450.1) 0.0(0.0 8(8) 1.280.10 3.50.6) 2.1(8)
308 3.90.5 3.41.5 9(2) 1.420.3 8.31.0 2.4(3)
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terpolating from Fig. 6, the change ipg, is about 5
X 10" 8/K for 70 neV with the fomblin near room tempera-
ture, while from Table II,f varies asdf/dT=2.3xt1
X 10”’/K. The variation inr with change loss rats) can be
estimated from Eqs(27) and (30) (the effect due to the
change in the potentia¥ from thermal expansion is negli-

5 15 25 35 45 5 65 75 85 95 105 gible),
UCN Energy [neV]

100 ) \ . \

v
5 871 8T = P10 ] 6T =T [ 14451+ Sus, 1/ 6T, (34)

W
T

which, for a 20 cm mean free path for 70 neV neutrons, with
A f a storage lifetime of 710 2], implies

Loss Rate [s71]

Ta t N\
T j,,,/\/’%:,;/ 857/16T=(710 97[1.44x(2.3+1)x 10’
%15 25 3 45 5 6 75 8 95 105 .. 370cm/s
UCN Energy [neV] +5X%x10 8]—/51—
20cm

FIG. 9. Least squares fit to 283 K data frdii]. The experi-
mentally determined values=1.91 g/cni, »=3.0 cnf/s, anda =3.6-1.6 s/K, (39

=24 dyn/cnf were used i the fit té, andf, resulting in areduced  \nicn s in good agreement with 4 /K. The surface wave
x°=1.5 for the fit. The upper plot shows the net lifetime, while the

lower plot shows the contribution to the loss rate from the variou loss amounts to 2.0.% of the net total loss for 70 neV UCN at
. ST=2094 K. In[2], it is stated that the observed upscatter loss
mechanisms. . e I
in the transmission of 60 A neutrons comes within a factor of
statistics, implying an accuracy of 10—20%. Including the1,'5 of explgining the observed loss. Within the appro.xima—
uncertainties in the measured fomblin properties would lead{oS here, itwould seem that the surface wave scattering can
to a modest reduction ig?. account for most of the excess loss observed in this storage
Finally, the values of for the various temperatures shown €XPeriment.
in Table Il indicate a significant temperature dependence.
These values, along with the value derived froi dis-
cussed in the Introduction, are plotted in Fig. 10. It can be Heating of UCN occurs when energy is gained as before,
seen that a crude extrapolationTe-0 implies a reasonable but when the final energy is still lower than the wall poten-
range of values for the residu@uclear absorptionioss. tial. The calculation is carried out by integrating from near
The observed variation of bottle lifetime as a function of w=0 t0 wn,i, as defined in relation to Eq28). The lower
temperature is about 4 s/R]; referring to Fig. 7, the con- limit is set by the resolution of the measurement apparatus
tribution to the loss rate from Eq32) is about a factor of 2 or, e.g., by the spectral width of the stored nearly monochro-
larger than the surface wave loss rate for 70 neV UCN. Inmatic UCN, taken here as2 neV, soE,=2 neV andw,
=E,/h. The heating probability is thus obtained by modify-
ing Eq.(298) [e.g., the integration ovew is not performed to
getMSq(Ei ,T,w)]:

F. UCN heating

@min
Pheat(Ei ,T,wr):f /’LSMEi ,T,w)dw, (36)
where w,i, was defined in relation to Eq28) and in this

case represents the maximum energy change that a UCN can

receive and remain trapped. The average energy change is
given by

Loss Factor f

AE(E, ,T,wr)=J " 0 gy (E; T, 0)deol Proaf B, To ;).

@r

(37)
. ‘ . ‘ ‘ . It is suggested ifl11] that energy might be transferred to
0 50 100 150 200 250 300 the UCN at a rate of ordefE,o=2(1.5)x10 ! eV per

T ture T . . . . .
emperature T collision. The numerical results shown in Fig. 11 imply an

FIG. 10. Loss factor from the surface wave least squares fit€nergy change of around 18 eV per collision, obtained by
(column 5 in Table Il and the 218 K value derived frofif] plotted ~ taking the upscatter probability times the energy change. Of
as a function of temperature. A simple extrapolatioTte0 yields ~ course, very small energy chandésss than the instrumental
a range off consistent with the nuclear absorption value. resolution are more probable, but many more reflections are
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FIG. 11. Upscatter heating probability, with final energy 2 neV
greater than the initial energy. Lower plot, the average change in FIG. 12. Upper plot: the upscatter probability per bounce for
energy with upscattering. UCN in the energy range 0—52 neV range, with initial distribution
given in Fig. 5 of[17], to upscatter to the 52—-106 neV energy

. .. fange, as a function of fomblin temperature. Lower plot: the upscat-
needed to move a UCN from the initial energy dIStrIbUtlor]’ter probability times the viscosity, divided by temperature, which is

13 (i ; ;
Pokotilovski[9,10] and we thus do not further elaborate the erature range thy term in Eq'-(s) s relatively unimportant and
S ST . ) S<1. This leaves Eq8) proportional toT/ »(T), with the integra-
heelt/tllcr)]rge Irses(l:J:n\tNrrr]:ggslir?r?lzaenglgydés(’)c#;:fedesgl h[|£n7.] in tion over theq and w factors contributing an overall factor roughly
dicate the heating probabilities shown in Table III. In thisIndeloenclent or-
experiment, UCN in a 0—52 neV energy range were stored in
a fomblin-coated bottle, and upscattering to energies between.The measuremgnts by Bondgrer@al. [17] also deter-
52 and 106 neV was detected. To calculate this probabilit)/,“Ined the probability f°F UCN with |_n|t|al energy around 13
we assume an initial UCN energies in the 0—52 neV rang eV o downscatter.t_o final energy in the range 0-11.5 neV
and calculate the total probabilities to scatter to the 52—106lnd found a probabll!ty of about 16 per bounce. The tem-
neV range using Eq(36). The energy-dependent upscatterperat“re of thg fomblln was not spemfled; however, the mea-
probabilities are then averaged over the initial spectrum pre§‘4f6d probability IS consistent with _the results presented in
sented if17], Fig. 5. As presented in Table Ill, it can be seen Fig. 13 V\./h.e.re the integrated probability to dolwn_scattej from
that our results are in reasonable agreement with the experk? NEV initial energy to less than 8.5 neV is in the fo
mental results, to within the reported factor of 2—3 uncer-ange for both temperature curves shown in Fig. @e
tainty associated with the neutron transport efficiency in the
experimental apparatus. A plot of the upscatter probability as
a function of temperature, for the parameters of this experi-
ment, is shown in Fig. 12.

The cooling rate and average energy decrease can be cg
culated in a similar fashion. In this case, the integration lim-
its of Eq. (36) are 0 andg; /% — w,. The probability to up-
scatter or downscatter is shown in Fig. 13. As discussed by-
Pokotilovski, the functions are very symmetric about the in- §
cident UCN energy, so the effects of a small energy changeg
either an increase or a decrease, tend to be averaged awayg 10k

E' [1/neV]

t

Prob.

TABLE Ill. Recent experimental measurements of UCN upscat-

ter probability[15] compared with calculations. I 1
Temp (K) Expt. upscatter prob. Calc. prob. ST e e e e T
UCN Final Energy [neV]
343 9+1x10 8 2.4x10°°
308 3+0.8x10 © 5.8x10 © FIG. 13. The probability for UCN to upscatter or downscatter,
298 1.2+0.8x10°8 3.4x10°8 per neV final energy, for three different UCN initial energies. These

results are similar to those presented 9n10].
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variation in integrated probability with initial energy is fairly of the net loss rate has a significant component due to the
slow; the calculated result would not be significantly differ- surface wave upscattering loss procesd.2llp the measured
ent for 13 neV initial energy.The rapid drop in probability temperature dependence of the lifetime for 70 neV in a
with decreasing maximum final energy that is evident in Fig.fomblin-coated bottle is given as 4 s/K. This was not fully
13 is consistent, within statisitics and uncertainties in neutrorexplained by the temperature dependent &foss section

transport, with the data presented[&v], Fig. 2. [e.g., the temperature dependencefdh Eq. (32)]. The
temperature-dependent loss implied by measurements of
IV. CONCLUSION transmission of 60 A neutrons through fomblin was 33% too

. o _small[2,6]. However, from our analysis, surface wave up-

As shown in Figs. 7-9, the UCN lifetime for energies scattering accounts for up to 20% of the loss for 70 neV
near 100 neMe.g., the high-energy data points presented inycN. This accounts for much of the reported discrepancy.
Ref.[11]) are well described by upscattering loss due to sUr-Thjs together with our estimate of the temperature variation
face waves. In this analysis, the low-frequency kinematicys f, explains the UCN loss in fomblin-coated bottles to
viscosity and surface tension were used. The excellent agregjithin experimental errors.
ment between theory and experiment suggests that no modi- Recent fomblin transmission measurements using 9 m/s
fication of the low-frequency dispersion curve for the surface,eytrons by Morozov[8] indicate that df/dT=9+5
waves is required, but we might anticipate that for higher-y 10-8/k which is in rough agreement with the result pre-
accuracy data, this simple analysis ultimately might not b&enteq in Sec. II E, based on Fig. 6. Furthermore, the values

sufficient. _ _ _ of f implied by the measurements of RE8] are in agree-
It was suggested ifiL1] that the excess high-energy 10Ss iS ment with the Tesults of our analyis presented in column 5 of

due to changes in the stored UCN spectral properties; th¢ape |1 Unfortuantely, our value df extrapolated tor =0

analysis presented here indicates that direct upscattering Eﬁig- 10 has too much uncertainty to help with the analysis

energies higher than the wall potential fully account for theqt the fomblin stoichiometry as discussed in the Introduction.
observed loss rate beyond that due to nuclear absorption and \ye hope that the analysis presented here will stimulate

upscattering in the filnias parametrized bijin Eq.(32]and  high-accuracy  experimental measurements  of  the
losses through holes and gaps. The de.creaspz ifor the  temperature-dependenildross section of fomblin. It is our
reanalysis of_the_ data of Richardsenal., with no adju_s;table expectation that the temperature dependencé tofjether
parameters, indicates that surface wave upscattering largefyit the surface wave loss rate can fully explain the tempera-

describes the excess loss rate for UCN energy close 10 thgre dependence of the storage lifetime of fomblin-coated
wall potential. As described in Sec. Il F and shown in Figs.ygitjes.

11 and 12, the heating and cooling probabilities are suffi-
ciently small so that, at the level of accuracy of the data
presented i 11], the effects of spectral evolution are not
important. However, such effects are likely important for
high-accuracy determination of the neutron lifetime from We thank Albert Steyerl for critically reading the manu-
fomblin-coated bottles. script and providing clarifications on several points. S.K.L.
We have shown that the observed temperature dependeneg@s supported by LANL, Grant No. LDRD-DR 2001526.
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