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Improving ultracold neutron traps coated with liquid helium using capillarity and electric field

Pavel D. Grigoriev®,"?" Arseniy V. Sadovnikov ®,** Vladislav D. Kochev®,? and Alexander M. Dyugaev'
'L. D. Landau Institute for Theoretical Physics, 142432 Chernogolovka, Russia
*National University of Science and Technology “MISiS,” 119049 Moscow, Russia
3Lomonosov Moscow State University, 119991 Moscow, Russia
41. M. Sechenov First Moscow State Medical University, 119991 Moscow, Russia

® (Received 16 March 2023; accepted 25 July 2023; published 11 August 2023)

To increase the storage time of ultracold neutrons (UCNs) inside the material traps it is promising to cover the
trap walls by liquid “He, a material which does not absorb neutrons at all. The rough side wall of UCN trap holds
the required amount of “He by the capillary effects, but the edges of the wall roughness remain insufficiently
coated. Here we propose to apply an electric voltage to these rough side walls of UCN traps to increases the
thickness of liquid He on the wall edges and to cover the entire wall surface by sufficiently thick helium films.
This completely protects UCNs from being absorbed inside the trap walls. We estimate the required electric field
and voltage for several possible designs of UCN traps. This improvement may give rise to a new generation
of ultracold neutron traps with very long storage time. We also estimate the influence of this electric field on
the dispersion of ripplons—the quanta surface waves, which give the main contribution to the inelastic UCN

scattering at low temperature.
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I. INTRODUCTION

Precise measurements of the neutron lifetime 7, are im-
portant for elementary-particle physics, astrophysics, and
cosmology (see Refs. [1-5] for reviews). The Big-Bang nu-
cleosynthesis and chemical element formation depends on t,,.
In combination with spin-electron asymmetry measured in
polarized-neutron decay experiments [6—8] the 7, measure-
ments give both vector and axial coupling constants of the
weak interaction in hadronic current between nucleons, which
differs from the quark current due to a renormalization by the
strong interaction. The search for a nonzero electric dipole
moment (EDM) of neutrons [9-11] imposes limits on CP
violation. The resonant transitions between discrete quantum
energy levels of neutrons in earth’s gravitational field [12,13]
probe the gravitational field on a micron length scale and
impose constraints on dark matter.

The ultracold neutrons (UCNs) with energy lower than
the neutron optical potential of typical materials, i.e., <300
neV, are widely employed in neutron experiments [6,8,
10-21]. These UCN can be trapped for many minutes in
specially designed “neutron bottles” [17-21], where the earth
gravitational field 100 neV per meter plays an important role
in UCN storage and manipulation [14-21]. Fomblin grease
is currently used to cover the UCN trap walls [17-23]
in the bottle UCN experiments and allows reaching
the highest accuracy of neutron lifetime measurements:
7, = 881.5 £ 0.7(stat) & 0.6(syst) s [20]. Because of the
neutron magnetic moment of 60 neV/T, magneto-
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gravitational trapping of UCN is feasible and promising,
too [24-28], giving a comparable claimed accuracy. However,
the nonuniformity of magnetic field produces considerable
losses of spin-polarized UCN in such magnetic traps, and
an accurate estimate of these losses to account them for is a
difficult problem. Therefore, in spite of high claimed precision
of magnetic-trap 7, measurements, the corresponding
values [27] 1, ~ 878.3 £ 1.6(stat) == 1.0(syst) s or [28]
T, ~ 877.7+ 0.7(stat)*_'8:‘2‘(syst) s are about 4 s smaller than
in the material-bottle UCN experiments.

The main alternative to using UCN in neutron lifetime
measurements is the cold neutron beam, giving 7, = 887.7 +
1.2(stat) &= 1.9(syst) s [29-31]. The discrepancy between 1,
measured by beam and UCN material- or magnetic-trap meth-
ods is beyond the estimated errors. This “neutron-lifetime
puzzle” has been the subject of extensive discussion until
now [31-34]. Presumably, it is due to systematic errors in
beam experiments [33], but unconsidered UCN losses in bot-
tle 7, measurements are not excluded yet. As has been shown
by analyzing the neutron f-decay asymmetry [35], it is un-
likely that this discrepancy is caused by other new physics
like additional neutron decay channels or dark matter [31,32].
Hence, reducing the UCN losses in material traps is crucial
for various neutron experiments.

The precision of current neutron lifetime measurements
using UCN traps, both material and magnetic, is lim-
ited by the accuracy of estimating of neutron escape rate
from the traps, which is the main source of systematic er-
rors [14-16,20,21,36]. At present, material UCN traps coated
with Fomblin grease provided the highest accuracy of t,
measurements. Any collision of a neutron with trap wall
leads to ~210~> probability of neutron absorption by the wall

©2023 American Physical Society


https://orcid.org/0000-0002-4125-1215
https://orcid.org/0009-0009-0395-5316
https://orcid.org/0000-0003-2334-1628
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.108.025501&domain=pdf&date_stamp=2023-08-11
https://doi.org/10.1103/PhysRevC.108.025501

PAVEL D. GRIGORIEYV et al.

PHYSICAL REVIEW C 108, 025501 (2023)

material [4,14-16]. The neutron lifetime 7, is estimated by
extrapolation of the measured lifetime 7; of neutrons stored
in the trap to the zero neutron losses by a careful variation
of the bottle geometry and/or temperature, so that the loss
contribution from trap walls can be accounted for. The extrap-
olation interval is rather large, usually, 7, — 7; = 30 s, which
limits the precision of t, measurements, because estimating
the systematic error with accuracy better than 5% is a very
hard problem. This estimate is complicated by the dependence
of UCN absorption probability on the angle of incidence dur-
ing each collision. The usually applied assumption [20] of the
uniform distribution of neutron velocity direction with respect
to the trap surface is violated for the collisions with side walls
because the vertical UCN velocity component depends on
the height above trap bottom due to gravity. This difficulty
can be overcome by Monte Carlo simulations of UCN losses
taking into account the calculated incidence angles of each
collision for the particular trap geometry provided the initial
momentum distribution of UCN is known. A more serious
problem is the surface roughness, which makes it impossible
the exact calculation of UCN loss probability during each
collision. Hence, the accuracy of the estimates of UCN loss
rate in material traps cannot be strongly improved.

The surface-to-volume ratio in material traps and the UCN
losses on trap walls can be reduced by increasing the trap
size. Note that the UCN material traps covered by Fomblin
oil must be kept at a low temperature 7 < 90 K to reduce
the inelastic neutron scattering. In most precise recent T,
measurements [20] the extrapolation interval t, — 7; was re-
duced to only 20 s by increasing the size of high-vacuum
UCN material trap to 2 m, making the dimensions of external
vacuum vessel 4.2 m. However, a further increase in the size of
UCN traps seems technically problematic and not very useful,
because main neutron losses come from their collisions with
trap bottom rather with its side walls. The rate of neutron
collisions with the trap bottom is determined by the UCN
kinetic energy along the z axis and does not depend on the trap
size. Hence, the precision of 7, measurements in traditional
UCN traps seems to reach its limit.

A possible qualitative step to further reduce the neutron
escape rate from UCN traps is to cover the trap walls by liquid
“He, the only material that does not absorb neutrons [37-39].
However, *He provides a very small optical potential barrier
VOHe = 18.5 neV for the neutrons, which is much smaller
than the barrier height V' ~ 106 neV of Fomblin oil. Only
UCN with kinetic energy E < V™ can be effectively stored
in such a trap. The corresponding maximum height of UCN
Amax = VOHe/mng ~ 18 cm, where m, = 1.675 x 10~ g is
the neutron mass. The UCN phase volume and their density
in the He trap is reduced by the factor (VF/V)*/2 ~ 13.7 as
compared with the Fomblin coating. This raises the statistical
errors. However, the UCN density increases as technology
develops [40,41], and this reduction of neutron density may
become less important than the advantage from a decrease of
UCN loss rate.

The second problem with the liquid “He coating of UCN
trap walls is a very low temperature T < 0.5 K. At higher tem-
perature “He vapor inelastically scatters UCN, giving them
energy ~kpT > V. At T < 0.5 K the concentration of

“He vapor n o exp(—7.17/ksT) is negligibly small. Another
source of inelastic UCN scattering are ripplons, the thermally
activated quanta of surface waves. They lead to a linear tem-
perature dependence of scattering rate [42], surviving even
at ultralow temperature. However, the strength of neutron-
ripplon interaction is rather small [42], which makes feasible
the UCN storage in He-covered traps. Moreover, the linear
temperature dependence of UCN losses due to their scattering
by ripplons is very convenient for taking into account this
systematic error.

The third problem with liquid “He is too thin helium film
covering the side walls of the trap. “He is superfluid below
T, = 2.17 K and covers not only the floor but also the walls
and the ceiling of the trap because of the van der Waals
attraction. On flat vertical walls few centimeters above the
He level, the thickness of helium film is expected to be only
dln ~ 10 nm < «; ', while the neutron penetration depth
into the liquid helium is «; ;. = (2m,V{*)~"/? ~ 33.3nm >
dy.. Hence, the tunneling exponent

¥ (0)/Y (due) ~ exp (—komedhe), ey

of the neutron wave function v inside He is not sufficient to
strongly reduce the neutron losses on the trap walls. A more
accurate calculation of the neutron wave function near a solid
wall covered with liquid helium [43] increases the estimate of
¥(0) by ~30% as compared with Eq. (1) for relevant UCN
kinetic energy E < 0.8V}, making the problem of too thin
“He film even more serious. The required thickness of helium
film for a good protection of UCN is d < dyj, = 100 nm [43].
An idea [38] of using a rotating He vessel for UCN storage to
increase He thickness on side walls has a drawback that the ro-
tating liquid generates additional bulk and surface excitations,
leading to inelastic neutron scattering. Therefore, one needs a
time-independent covering of the trap walls by liquid “He. A
possible solution of this problem, proposed recently [43,45],
is based on using a rough surface of trap side walls. This rough
surface holds liquid helium of sufficient thickness by the cap-
illary effect, if the wall roughness has much smaller period
Ig than the *He capillary length age = +/01e/gpre = 0.5 mm,
where oy = 0.354 dyn/cm is the surface tension coefficient
of liquid ‘He, g=980cm/ s? is the free fall acceleration, and
the liquid “He density pge ~ 0.145 g/cm?>. The calculations
showed [43,45] that one needs even the smaller period of wall
roughness Ig < 4a?, /h to hold superfluid “He on the height &
above the helium level.

In Ref. [45] it was argued that a simple triangular wall
roughness of period /g <5 pum, as in the mass-produced
diffraction gratings,' is better than rectangular roughness to
hold a shielding helium film in UCN traps. The diffraction
gratings with the period /g &~ 4 um and depth Agx ~ 0.2 um
are already actively used for the scattering of UCNs [46,47].
However, the thickness of He film on sharp peaks of this tri-
angular roughness remains less than « ll-le’ which leaves <5%
of wall surface insufficiently coated. In this paper we propose

'Diffraction gratings with the period [ = 1 um and dimensions
1.524 m x 0.1524 m are available online at a price of $20 [44].
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to use an electrostatic potential to increase the efficiency of
such helium-covered UCN traps and to coat the remaining
unshielded surface area. This may completely eliminate the
UCN losses from the absorption inside the trap walls and start
a new generation of ultracold neutron traps with very long
storage time.

II. ENERGY FUNCTIONAL OF LIQUID HELIUM AND
REQUIRED FIELD STRENGTH

To describe the profile of the helium film on the rough
surface, it is necessary to minimize the energy functional of
this film

E = Vg +Es+ Vi + Ve (2)

The functional (2) differs from that considered in
Refs. [43,45] by the new term V., which comes from the
polarization energy of helium in a nonuniform electric field,
as described below. The first three terms in Eq. (2) are the
same as in Refs. [43,45]. V, is the gravity term given by the
expression

Ve = pHeg/ d*ryzdue(ry), 3)

where r| = {x, z} is the two-dimensional vector of the hori-
zontal x and vertical z coordinates on the wall, and

dye(r) = &(r)) — sw(rw) 4
is the thickness of the helium film. The functions &(r) and
&w (r)) describe the profiles of the He surface and of the solid
trap wall.

The second term E in Eq. (2) describes the surface tension
energy and is given by the formula

E=on [ ni/i+veepP -1

Here we subtracted the constant term of a flat surface Eyy =
OHe f der.

The third van der Waals term Vjy in Eq. (2) describes the
attraction of helium to the wall material. It is significant only
at small distance and leads to coating of the entire wall surface
by a superfluid helium film thicker than " ~ 10 nm. As
shown in Refs. [43,45], the capillary effects compensate the
gravity term and hold much thicker helium film on the height
h above helium level if the characteristic length scale of the
wall roughness does not exceed /2™ = 4a?_/h. For the wall
roughness of the shape of a triangular grid, as proposed in
Ref. [45], IF** gives its maximal period.

The electric energy term E. in Eq. (2), describing the po-
larization energy of helium in a nonuniform electric field, is

SHC—I

E.=— / d*rE*(r), (6)

where the integral in taken over the volume occupied by liquid
He, and ey, = 1.054 is the dielectric constant of “He. On the
trap side wall Eq. (6) rewrites as

EHe —

4

This term is new as compared with Refs. [43,45].

L[ o
E.=— /d r E7(r, dae)due(r)). )

The surface profile of superfluid “He corresponds to the
constant energy Ey, = Ey = const. in Eq. (2) of a tiny helium
volume. This constant energy is the same, as for liquid “He
on the surface above the bottom of UCN trap. Eqs. (2)-(6)
assume liquid helium to be incompressible, which is a rather
good approximation. To find the “He surface profile on the
side wall one needs to know the spatial distribution of the
absolute value of the electric-field strength E>(r).

The capillary effects do not help to cover the wall edges
by a sufficiently thick helium film. Equations (2), (3), and (7)
allow us to estimate the required electric-field strength E, (h)
at the surface of liquid helium on the side wall at height &
to hold the helium film even without the capillary effects. The
electric term (7) compensates the gravity term (3) if Vy + E. <
0, which gives the electric-field strength

E > E. = /47 puegh/ (ene — 1). ®)

For h = hnax = 18 cm this gives a target electric field E, =
230 kV/cm. Such a strong electric field appears because of
a weak “He polarization, ege — 1 = 0.054 <« 1. Nevertheless,
it is still much smaller than the field of dielectric breakdown
Emax > 1 MV/cm of “He [48]. Therefore, it is theoretically
achievable.

The electric breakdown field E, of helium gas may be
considerably smaller than that of liquid He. According to
the Pachen’s curve for helium, measured in a wide PL in-
terval [49,50], where P is gas pressure and L is the distance
between opposite electrodes, the breakdown voltage is only
Vi, 2 350 V at the minimum around PL ~ 10 Torr cm (see
Fig. 2 of Ref. [49]). However, at smaller PL the breakdown
voltage rapidly increases, and already at PL = 0.7 Torr cm
Vp & 1 kV (see Fig. 2 of Ref. [49]). A more detailed study of
the electric discharge in helium vapor extended to PL < 0.4
Torr cm shows [51] that, at PL < 0.4 Torr cm, V;, > 100 kV
(see Fig. 8 of Ref. [51]). Atlow T the saturation pressure P(T")
and the concentration of “He vapor n(T) is exponentially
small: P(T) «x n(T) x exp(—7.17/kgT). The 4He saturation
pressure P < 1073 Torr at T < 0.65 K. In our case of T <
0.5 K and very small P < 107> Torr, the breakdown voltage
well exceeds the voltage required in our UCN trap designs
shown in Fig. 5 below. V, is large at such a low vapor
concentration because of the very small collision probability
of electrons and ions with He atoms, required for the chain
reaction.

Fortunately, one does not need to apply such a strong field
E, at the whole side-wall surface but only near the edges
of its roughness. Near these edges the electric field can be
easily increased if the rough wall itself serves as an electrode.
Below we consider this in more detail for the triangular wall
roughness and show that we need an external electric field E
several times weaker than E,.

III. ELECTRIC-FIELD STRENGTH AND HELIUM FILM
THICKNESS NEAR A TRIANGULAR EDGE

We consider a grounded metallic rough trap wall with volt-
age V = 0 covered with *He. Another electrode at voltage V;
is separated at some characteristic distance L (see Fig. 1). The
electric potential V (r) raises from V = 0 at the wall surface
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electrode, V =V

A A A A A A AR R AR A

E =~ E( = const

grounded trap wall, V =0

FIG. 1. Triangular roughness of solid UCN trap wall coated with
liquid helium with periodically modulated surface (blue solid line).
The applied electric field is the strongest near the wall edges, which
attracts “He to these edges and coats them with a helium film of
sufficient thickness.

to Vj at this electrode. Possible trap designs are discussed in
Sec. V.

The side-wall material can be beryllium, copper, or any
other metal with a weak neutron absorption and a rough
surface to hold “He film. We consider a one-dimensional
triangular roughness with period /g ~ 10 pm and depth hg =
I um, as proposed in Ref. [45] and illustrated in Fig. 1.
According to Ref. [45], *He film covering this wall is thick
enough to protect UCN from the absorption everywhere ex-
cept the sharp triangular edges of the wall. Fortunately, near
these edges the electric-field strength E(r) is much higher
than the electric field Ey ~ Vy/L far from this edge, so that
the last electric term in Eqs. (6) or (7) is large enough to
hold a sufficiently thick helium film. To estimate the *He
film thickness near this corner we first need to calculate the
strength distribution of electric field. Since the “He dielectric
constant eg. = 1.054 is close to unity, we may disregard the
back influence of “*He on electric field, performing the calcu-
lations for metal-vacuum interface.

To estimate the electric field near an infinitely long edge
of angle « =7 — 28, 0 < B < /2 (see Fig. 2), we use
the standard method of conformal mapping of dimensionless
complex coordinate z. = (x + iy)/l = rexp(ip)/lto¢ =u +
iv = pexp(if) [52]:

¢ = (ze™)'* =r'expli(g + B)/A], ©)
Imz, Imn Im¢
ze = =zceP n— ¢ =nellt
Re 7. Rep Reg
) NV
a

FIG. 2. Conformal mapping of infinitely long edge of angle
o =m — 28, used to find the solution of the Laplace equation for
electrostatic potential.

where A =1428/n. This mapping transforms the an-
gle to a line and allows an easy calculation of the electric
potential as

V(@)= AVoIm¢ = AVpr'/*sin[(¢ + p)/A],  (10)

where AV} is the potential raise per the normalization distance
I. The electric-field strength near the edge is

dg
dz,.

where Ey = AVy/l is the electric field far from the edge.
In our case of periodic triangular wall roughness, shown in
Fig. 1, the characteristic length scale / = Ix ~ 10 um, because
at a distance r > Ir from the edge the electric field does not
have singularity and is almost uniform as near a flat wall. The
electric field squared at r < Ig is

E2 (I \ ¥/ +28)
E*(r)= —0(—> . (12)
A \r

Ey _
= —lz.|'*, (11)

E|=E
|E| 0 7

At a distance r from the edge the electric field E(r) is larger
than the average electric field Ey ~ V;/L by a factor of

_E() _ (r/r)?/eeR
Y= R T 1+ 28/

We are interested in coating the edge of wall roughness with
a *He film of thickness dj;, ~ 100 nm. At r = d};, = 100 nm,
[ =10 um, and B = 7 /3, this parameter y = E(d}}.)/Eo ~
3.8, while at 8 = 7 /4 we obtain y = E(d};.)/Eo ~ 3.1.

In Egs. (12) and (13) E(r) - oo at r = 0 because we
took an infinitely sharp edge. The actual curvature radius at
the edge R, is finite, and Eqs. (11)—(13) are valid at r > R..
Hence, we may use Eqgs. (11)—(13) at the “He free surface if
the curvature radius is much smaller than the depth of “He film
at the edge, R, < dye. In the derivation of Egs. (10)-(13) we
considered a single edge. This imposes another restriction on
using Egs. (11) and (12): r < Ig. Thus, Egs. (10)—(12) hold if

13)

Re<r~di, ~100nm < g ~ 10 um.  (14)

The electric-field distribution E(r) near a periodic boundary,
such as a rectangular diffraction grating, can be studied using
the Fourier series and Rogowski’s or Roth’s methods (see
Chap. 5 of Ref. [52]), but it is much more complicated and
gives a less visual result.

In our physical problem the condition (14) is satisfied, but
there is another source of possible quantitative error—the cut-
off choice / = Ir. This choice is only qualitatively correct, i.e.,
up to a factor ~1. To analyze the possible error we performed
the numerical calculation of the electric-field distribution by
solving the Laplace equation for the electrostatic potential
V (r) using the method of finite elements. The boundary condi-
tions are taken as V = 0 at the rough trap wall of the periodic
triangular shape, as shown in Fig. 1, and V =V at the flat
electrode parallel to this wall. Thus, the numerical problem
is two-dimensional (2D). The result of this calculation for the
electric-field distribution is given in Fig. 3(a), and the compar-
ison of calculated parameter y (r) = E(r)/Ey with Eq. (13) is
shown in Fig. 3(b) for several edge angles « = m — 28.
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E/Ey

. 0.2 0.3 0.4
(b) r (um)

FIG. 3. Numerical results for the electric-field distribution E (r)
near a equipotential wall having the shape of a triangular grid, i.e.,
a triangular groove periodically repeated along the wall. (a) Color
map of the electric-field strength. (b) Numerically calculated (solid
curves) electric-field strength £ as a function of the distance r to the
triangular wall edge in the direction y perpendicular to the wall for
several angles § of the triangles. It is compared with the analytical
result given by Eq. (13) and shown by dotted curves.

The comparison of analytical formula in Eq. (13) and the
numerical result, shown in Fig. 3, indicates that Eq. (13)
describes very well the electric-field distribution near the
edge. Therefore, to estimate the required electric field Ey and
voltage V, to hold a *He film of thickness dj;, near the wall
edge we use Eqgs. (8)—(13) with the upper cutoff equal to the
period g & 10 um of the triangular grid. Equations (8), (12),
and (13) give the required strength Ej of the quasi-uniform
electric field far from the wall edge:

E* 4 h [ d* 2B/(w+2p)
Eg~ — =\ S PHe8N (e . (15)
Y EHe — 1 lR

For dye = dy;, = 100 nm, /g ~ 10 um, and B = 7 /4, corre-
sponding to a straight edge angle o = /2, Eq. (15) gives
Ey =75 kV/cm. Taking o = B = 7 /3 slightly reduces the
required electric-field intensity to Ey ~ 60 kV /cm.

The external electric-field strength of ~4 kV /cm is rather
common [53,54] in the experiments with electrons on a liquid
helium surface, but raising this electric field by an order of
magnitude may be technically difficult. An electric field >100
kV/cm was experimentally realized in a 1 cm gap between
two electropolished stainless-steel electrodes 12 cm in diame-
ter for a wide range of pressures at T = 0.4 K [48]. The effect
of a weaker electric field £y < 45 kV/cm on the superfluid

helium scintillation produced by fast electrons or by «
particles at T > 0.4 K was also investigated experimen-
tally [55,56].

IV. EFFECT OF ELECTRIC FIELD ON RIPPLON
DISPERSION

After solving the problem of coating the UCN trap walls
by a sufficiently thick helium film, which protects UCN from
the absorption inside the trap walls, the most important factor
limiting the precision of UCN t, measurements is the inelastic
neutron scattering by ripplons—the quanta of surface waves.
At low temperature T < 0.5 K, when the concentration of
helium vapor is exponentially small, the main contribution
to neutron scattering rate comes from low-frequency ripplons
with energy hiw, ~ Vj€ = 18.5 neV [42]. The corresponding
ripplon wave vector is still much larger than the inverse capil-
lary length ay. of “He:

1/3
VHe 2
do ~ |:<0_> %:| ~69um ' >, (16)

h OHe

where » = aﬁel = /gpue/ome ~ 20 cm~'. Hence, the ripplon
dispersion at this wave vector is given by that of capillary
waves: @, = «/one/pre ¢°/*. If the electric field increases
the ripplon energy fiw,, this reduces the equilibrium ripplon
density and the UCN scattering rate by ripplons.

A. Uniform electric field
In a uniform electric field the ripplon dispersion law mod-
ifies [57] to

o e —1)?
Heq3+ ( )

PHe 47TIOHe£(8 + 1)

o, =gq+ (¢Ej cos®6 — ET)q’,

a7

where ¢ = ey = 1.054 and the angle 6 is between the electric
field and the ripplon wave vector. For an electric field parallel
to helium surface, as in Fig. 5, the field-induced correction to
ripplon dispersion is positive and has a lower power of wave
vector than the dominating capillary term. If this correction
is large enough, it may reduce the UCN scattering rate by
ripplons. The ratio of the last electric term in Eq. (17), arising
from “He polarization, to the second term, coming from cap-
illary effect, for an electric field along the surface and parallel
to g vector, E; =0,and 0 = 0, is

(e—1’E} 1 (e—1P¢E} 1

V= — = -
4 (e + Doue o 47 (e + Dowe €2qo

(18)

Unfortunately, for “He in a reasonably strong external elec-
tric field £ = Ep = 10 kV/cm and at g = g this ratio is
too small: v &~ 5 x 107, Even at E| = E, = 230 kV/cm this
ratio at g = ¢qo is not sufficient to change the ripplon dis-
persion considerably: v(E,) &~ 2.6 x 1073 « 1. Hence, the
correction to ripplon dispersion from a “He polarization in a
uniform electric field, given by the last term in Eq. (17), is
negligibly small and cannot help to reduce the UCN scattering
rate by ripplons.
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FIG. 4. Ripplon dispersion given by Eq. (23).

B. Nonuniform electric field

Equation (17) is derived for a uniform electric field. A high
nonuniform electric field, as on the surface of thin helium film
near the edges of wall roughness, may change the ripplon dis-
persion stronger. According to Eq. (6), a nonuniform electric
field creates a force

8]—1@—1

F =—-VE, = fd3rV(E2(r)) (19)
acting on a “He volume. This force is added to the grav-
ity force Fy = ppeg [d’r and renormalizes the free fall
acceleration as

EHe — 1
4 PHe

For the triangular side-wall roughness near a sharp edge, 8 —
7 /2, covered by 4He film of thickness dfi. = 100 nm we have

g g =g— V(E*(r)). (20)

EHe — 1 E)k2

gi(dfie) ~ ~ (1.75 x 10%)g. (1)

47 PHe df;e

To estimate the effect of nonuniform electric field near the
wall edge covered by “He film at arbitrary 8 we substitute
Eq. (12) into Eq. (20), which gives

g | e = 1 4pn°E} <l>4ﬁ/(7T+2ﬁ)
g Ampuegr(n +2B) :

For r =djj, =100 nm, [ =g =10 pm, Ey = 60 kV/cm,
and B = 7 /3 this gives g*/g ~ 1.4 x 10°. The corresponding
7" = (¢ pe/one)/? ~ 2.4 um~! ~ go. Hence, the ripplon
dispersion changes considerably at g = gy due to such a
nonuniform electric field. Since at the trap bottom of UCN
trap we do not need to hold liquid helium by a capillary effect,
we may take a larger / = I[g & 1 mm. Then, according to
Eq. (22) this raises g*/g about 100*/ & 40 times to g*/g ~
5.5 x 107. The corresponding ripplon dispersion, given by
Eq. (17) without the last term but with renormalized g*,

hog = h gq+ 7, (23)
PHe

is shown in Fig. 4. It illustrates a considerable increase in rip-
plon energy hw, at g = qo. Hence, theoretically, a nonuniform
electric field may reduce the UCN inelastic scattering rate
by thermally activated ripplons. However, a more thorough

(22)

r

(b)
V=V,
(c) V=0
V=V,
lilinRimimmiminil
(d) V=0

FIG. 5. Possible UCN trap designs with electrostatic potential.

calculation is needed to study this effect quantitatively at a
nonuniform gradient of the electric-field strength.

V. POSSIBLE TRAP DESIGNS AND DISCUSSION

The voltage V} corresponding to the required electric field
Ey and E, depends on the geometry of electrodes. In the trap
design of Fig. 5(a), with the distance L between opposite
electrodes equal to a large trap radius Ry,, = 1 m, a strong
field Ey ~ 60 kV/cm means a voltage difference V) = EyL ~
6 MV, which is too high. In the trap design shown in Figs. 5(b)
and 5(c), the electric field E, and voltage V;, do not depend on
the trap radius Ry, but only on the distance from the grounded
side wall to the electrode at V = Vj,.

The trap in Figs. 5(b) has only one toroidal electrode at
V =V, placed at height i,y = VOHB /m,g ~ 18 cm above the
helium level, i.e., just above the maximal height of UCNs
inside the trap. Then the distance L ~ hy,x — h depends on
the height % on the wall from the helium level. At large height
h ~ hn., where the gravity energy to be compensated by
electric field is the highest, the electric field Ey(h) = Vp/L =
Vo/(hmax — h) is also the highest. Then Eq. (15) gives

4 h(d 2B/(m+2B)
Vo = AMmax — h) /ﬂ(ﬁ) i (24)
EHe — 1 lR

which has a maximal value

4 h3 d 28/(w+2B)
Ve = 0.3851, | P He8 may ( THe .25
ege — 1 IR
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at h = hpax/3 ~ 6 cm. At this height, one can take [45]
kR = 4a}2{e/h ~ 17 um. Substituting thisand o = § = 7 /3 to
Eq. (25) we obtain V"™ ~ 350 kV & Ephpax /3, which is still
very high and technically difficult. In Ref. [48] the realized
voltage difference between two electrodes in *He was only
Vo = 100 kV.

The required voltage Vy can be reduced by an order of
magnitude or more if one uses the trap designs shown in
Figs. 5(c) and 5(d) with many electrodes inside the UCN trap
atheight 0 < i < hp,x. In Fig. 5(c) several toroidal electrodes
at V =1V, are placed at different heights h; < hyax above
the helium level. If these toroidal electrodes are rather thin
and placed at a small distance L ~ Iz from the trap wall,
theoretically, one can reduce the required voltage to only
Vo ~ Eplr = 60V, but this also requires a small distance ~L
between such electrodes and their large number ~103-10%.
Technically, it may be more convenient to use the trap design
illustrated in Fig. 5(d), where thin wire electrodes hang down
from the toroidal electrode above h = hyx. A larger distance
between the electrodes L &~ 1 mm and their smaller number at
a fixed thickness of helium film at wall edges requires a higher
voltage V 2> 1 kV.

An electrode at height 7 < hy,x may produce additional
inelastic scattering of UCN inside the trap. This electrode
is always covered by a helium film of thickness d > 10 nm
due to the van der Waals forces, which attract helium vapor.
However, for a save protection of UCN by this “He film
covering the electrodes we need d > djj, = 100 nm. Such
a thick “He film can be held by either the surface rough-
ness and capillary effect [43,45], described by Eq. (5), or
by the electrostatic energy of *He in electric field, given by
Eq. (6). The latter is sufficient for a rather thin electrode.
Indeed, the electric field around a cylindrical electrode of ra-
dius R, is E(r) ~ Vor~'In(L/R,) & EyL/r. Hence, according
to Egs. (13) and (15), a commercially available copper wire
of radius R, = 10 um? at voltage V; placed at a distance
L =200 um = 0.2 mm from the grounded wall holds a “He
film of sufficient thickness d}j. = 100 nm < R, if

Vo

Edi)~ ———— >
() R.In(L/R,)

E, ~230kV/cm,

or
Vo > V" = E,R.In (L/R,). (26)

For R, = 10 pm and L = 0.5 mm this gives V, > 900 V.
Thus, a sufficient “He coating of thin electrodes inside UCN
trap is easy, because the voltage V, required for this coat-
ing is smaller than to hold *He film of sufficient thickness
dfi. = 100 nm on the side wall at height sn,x = 18 cm above
the helium level. The latter at « = 8 = 7 /3 requires Ey =~ 60
kV/cm, which for L = 0.2 mm gives Vy &~ 1.2 kV. Hence,
theoretically, by using the trap design in Figs. 5(c) and 5(d)
one may reduce the required voltage to only Vy ~ 1 kV.
Keeping two electrodes with voltage difference Vy &~ 1 kV
at a distance of only 0.2 mm remains technically difficult

2Bobbins with ultrathin copper wires of diameter 10 um are avail-
able online for $10.99 [44].

FIG. 6. Schematic illustration of a 3D fur-like roughness of a
metallic UCN trap wall holding a liquid helium film (light blue
filling) by capillary effects. The applied electric field is the strongest
near the wall peaks and holds additional amount of *He around these
peaks, providing a complete coating of the UCN trap wall.

because the wires are flexible. To mechanically fix the elec-
trodes a physical insulating connection between the wires and
the grounded trap walls can be used, but this material also
becomes a possible source of UCN losses. Rough surface of
these connections holds a protective He film, strongly reduc-
ing the UCN absorption inside them. Perhaps this problem can
also be solved by coating the wire electrodes with an insulator,
which allows them to touch the wall. The gradient of the
electric field on the surface of this insulator is weaker than on
the surface of metal wire, which increases the required voltage
to hold the protective helium film. However, it is compensated
by a simpler design. Again, using a rough surface of this
insulator allows holding a sufficiently thick protective He film.
One can increase the required distance between the electrodes
and, hence, reduce their number at the cost of increasing their
electric voltage. A smaller voltage holds a thinner “*He film
near the wall roughness edges, but it may still be useful to
protect UCN from the absorption inside the trap walls.

A three-dimensional (3D) fur-like wall roughness with
pyramidal or needle-shaped protrusions, as illustrated in
Fig. 6, may further reduce the required voltage Vj. The electric
field at a distance r from a needle-like electrode at voltage
U of curvature radius r, above another electrode in the form
of a plane perpendicular to the needle and separated by the
distance L is [58]

_2U/In(4L/r,)

E _— 27
(r) 2r +r, — r2/L @7
Hence, in our case L > Ig > r ~ dj}. > r. we have
E.d} Eyl
E(r)~ — e~ X (28)

)2 r+r)2

For Ir 2 5 um and r = djj, = 100 nm, the required elec-
tric field at the surface E, =~ 230 kV/cm corresponds to the
electric field Ey < 5 kV/cm far from the edge. If the second
electrode is separated by a distance L = 1 mm from the wall,
the required voltage is V; = 500 V. However, making of such a
wall with 3D fur-like roughness is more difficult than a cheap
triangular diffraction grating, studied above.

There are, probably, alternative ways and wall materials
to make He film thicker. Helium contamination with 1% of
the frozen air makes the He film considerably thicker [59,60].
However, this contamination also results to the neutron
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absorption by impurities, difficult to be accounted for, which
results to a considerable error in neutron lifetime measure-
ments. Hence, such a contamination destroys the very idea
of using liquid helium to protect ultracold neutrons from
the absorption in material walls. Moreover, the thickness d
of contaminated liquid helium also decreases rapidly with
the increase of height H, and at H > 7 cm the thickness is
d < 50 nm [59,60], which would not protect the neutrons
from the absorption by wall material. The proposed metallic
wall has several advantages besides its use as an electrode. Ac-
cording to the general theory [61], the van der Waals attraction
of liquid He* film to a solid wall contains (¢ — 1)/(¢ + 1) in
the integrand, where £(w) is the dielectric constant of the wall
material as a function of frequency [see Eq. (5.13) or (5.15)
of Ref. [61] ]. In metals, ¢ is large, resulting in a large van der
Waals attraction.

VI. CONCLUSIONS

To summarize, we propose to improve the material UCN
traps by coating with liquid helium using the combined effect
of capillarity and of electric field. The side wall rough-
ness holds a sufficiently thick “He film by the capillary
effect [43,45], but the very edges of this roughness remain
coated by a too thin *He film. If this rough wall serves as
an electrode, the electric field is the strongest near these wall
edges, which attracts “He due to polarization forces. This
helps to cover the wall edges and its entire surface by a suf-
ficiently thick “He film to completely protect UCN from the
absorption inside trap walls. The second electrode, if made in
the form of thin wires, may be placed inside the UCN trap be-
cause it get also coated by “He and does not absorb neutrons.

The strong nonuniform electric field on the helium surface
increases the ripplon energy, which makes their equilibrium
concentration smaller. This reduces the inelastic scattering
rate of UCN by ripplons, but the effect is not sufficient to de-
stroy this channel of UCN losses, which becomes dominating
after the absorption of UCN inside trap walls is eliminated by
their coating with liquid “He. Fortunately, the neutron-ripplon
interaction is weak, and the linear temperature dependence
of UCN scattering rate by ripplons helps to accurately take
this systematic error into account [42]. A low temperature
T < 0.5 K of trap walls is required to eliminate another source
of UCN losses—scattering by helium vapor.

In spite of the mentioned technical difficulties, the pro-
posed complete coating of UCN trap walls by liquid *He
may give rise to a new generation of ultracold neutron traps
with a very long storage time. This may strongly improve
the precision of neutron lifetime measurements and of other
experiments with ultracold neutrons.
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