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School of Mathematical and Physical Sciences, University of Sussex, Falmer, Brighton,
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Abstract
Ultra-cold neutrons (UCN), i.e. neutrons with energy low enough that they undergo
total reflection from a given surface at any angle of incidence, can be stored in magnetic
and material bottles for periods ranging up to the neutron p-decay lifetime ( 103 s).
Starting with a discussion of the theoretical and historical background we review
the development of the field from the first experimental observations to the present
time with emphasis on the most recent developments and the remaining unsolved
problems. We discuss the production and transport of UCN as well as their applications,
and show the direction that future developments are likely to take.
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1. Introduction
Since their discovery in 1932 by Chadwick, free neutrons have been studied in
situations where they have only a momentary existence in the experimental apparatus.
Whether in beams or diffusing through matter, neutrons remain in their free state
in conventional apparatus for times that are measured at most in milliseconds.
However, in the last decade it has become possible to hold neutrons in various
containers for periods of at least several tens of seconds and thus we can begin to
handle neutrons as a classical gas. I n fact, storage times approaching the neutron
P-decay lifetime of 1000 s can be achieved.
It was Fermi who first deduced that the scattering of slow neutrons by individual
nuclei would result in the fact that neutrons propagating through matter would
be refracted as light or x-rays, and that neutrons incident on a surface at a glancing
angle 8 which satisfies:
sin 8 6 sin Oc = ( V / E ) 1 / 2
(1.1)
N

(where E is the neutron energy and Y 10-7 eV is a potential characteristic of the
material-see $2.2) will undergo total reflection, analogous to the phenomenon of
total internal reflection in optics. The observation of this effect by Fermi and Zinn
(1946) and Fermi and Marshall (1947) led many people to speculate that if neutrons
with energy:
E5 V
(1.2)
N

could be obtained, they would suffer total reflection at any angle of incidence from
a material surface and hence could be stored in bottles. We refer to neutrons satisfying
the condition (1.2) as ultra-cold neutrons (UCN).
While many workers in the field attribute this idea to Fermi, the first to take the
possibility of actually obtaining UCN seriously enough to put it into print was Zeldovich
(1959), who discussed the possibility of UCN storage in a graphite bottle and estimated
the storage time due to absorption in the walls as well as the UCN densities one was
likely to achieve.
I n the sixties, the application of total reflection for neutrons, at small angles,
violating (1 .2) but satisfying (1 .1) became widespread with the installation of neutron
guide tubes (Maier-Leibnitz and Springer 1963) at many nuclear reactors around
the world.
Given the fact that the energy 'F is some l o 5 times smaller than thermal energy
and that the Maxwell energy spectrum for neutron flux is proportional to E for
low energies, it is surprising that two groups, independently, had the courage to
invest the time and effort to construct the necessary installations on the chance that
neutrons of such low energy did indeed exist inside the reactor and could be extracted
without crippling losses of intensity. That both groups were successful almost
simultaneously is one of those coincidences which seem so common in physics.
The Dubna group under F L Shapiro extracted UCN from a very low-power pulsed
reactor by means of a horizontal channel and actually demonstrated that neutrons
were stored in their apparatus for many seconds (Luschikov et a1 1968, 1969).
Steyerl(1969), following a suggestion of Maier-Leibnitz and Steyerl(1967), extracted
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the UCN by means of a vertical neutron guide and measured their velocity by a
time-of-flight technique (as the neutrons lost energy to gravity while rising in the
guide they had energies about 10-6 eV when they left the reactor).
It is remarkable to see how the field of UCN research has grown in the decade
since that time, when the whole field consisted only of a few data points perhaps
2 or 3 standard deviations above the noise. Now we have about ten fairly elaborate
installations at reactors around the world ranging from Chalk River, Canada (Robson
and Winfield 1972, Winfield and Robson 1975) to Alma Ata, USSR (Axmetov et
al 1973). The number of papers published (both theoretical and experimental)
is beyond one’s patience to count. T h e large number of different fields of physics
which are necessary to a proper understanding of ultra-cold neutrons (as this review
hopes to demonstrate) is a strong reminder of the unity of our subject.
As the technology has developed, several unforeseen problems (some still unsolved) have been encountered, and several exciting new possibilities (several still
unrealised) have come to mind. The most exciting applications, namely more
sensitive searches for the neutron electric dipole moment and more accurate measurements of the neutron lifetime, as well as some of the more exciting prospects for
studying condensed matter, are yet to be realised but with the recent commissioning
of new sources and some which are about to be commissioned we have every reason
to expect that the intriguing idea of a free-neutron gas will shortly be a highly useful
technique for increasing our knowledge of many fields of physics.
It is the purpose of this review to give the reader a feeling for how the field
has developed so far, with an emphasis on the fundamental physical principles
involved and the most recent results, and also to give a feeling for what the future
developments are likely to be. T h e comprehensive review of Steyerl (1977) discusses the earlier work as well as some technical details which we have omitted.
We also recommend the paper by Luschikov (1976) and the earlier review by Shapiro
(1972a).

2. Interactions of slow neutrons
I n order of decreasing strength the interactions of slow neutrons are: ( a ) the
nuclear or strong interaction, (b) magnetic interaction, ( c ) weak interaction, and
( d ) gravitational interaction. We discuss each of these in turn with the emphasis on
very slow neutrons.

2.1. The nuclear or strong interaction
T h e interaction of a slow neutron with another nucleon can be adequately
described as a strong short-range attraction. When a neutron interacts with a
nucleus the result of the attractions to the individual nucleons can be characterised
(for low neutron energies) as an attractive potential with a depth about 40 MeV
and a size slightly larger than the size of the nucleus, i.e. a few times 10-13 cm (see
figure 1).
As the neutron energy decreases, the scattering becomes predominantly S-wave,
i.e. isotropic in the centre of mass, and independent of the details of the attractive
potential (Blatt and Weisskopf 1952). In fact, at low enough energies the scattering
depends on a single parameter for which we shall use the scattering length a (related
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Figure 1.

The interaction between a slow neutron and a nucleus can be approximated
by a square well of strength - V and size R. T h e wavefunction of a slow neutron
( h 9 R ) moving in such a potential and resulting in a positive scattering length
is shown. (b) In some rare cases the strength Y and size R of the potential are
such that the wavefunction has a rather small slope at the position R,resulting in
a negative scattering length as shown here.
(U)

to the S-wave phase shift by 6, = - ka at low energies). The wavefunction describing
the scattering is written as:
#=exp (ik.r)--

a

r

exp (ikr)

for

Y>Yn

(2.1)

where Yn is the size of the nuclear potential well.
T h e first term represents the incident wave (wavevector k ) and the second term
the scattered wave. For

4-

kr61

l-alr

(2.2)

and we see that a represents the distance from the origin to the point where the
wavefunction goes to zero. Because of the strength of the attractive nuclear potential
one cannot use the Born approximation to calculate a. However, Fermi (1936)
introduced the use of a ‘pseudo-potential’ designed so that it gives the result (2.2)
when used in the Born approximation:
aBorn=

2nP
~

1

V ( r )exp [i(ki-kf).r] dT.

(2.3)

We see that:

2n
V ( v )= - h2a63(r)
m

gives the desired result when substituted into (2.3). This allows the use of the
Born approximation to calculate the scattering of neutrons from complex assemblies
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of nuclei and is the only practical method for dealing with such situations. We
must emphasise that (2.4) is not the true potential and can only be used in the
first Born approximation. For improved accuracy one must not use the second
Born approximation but must use a more sophisticated approach (see Blatt and
Weisskopf 1952).
As no accurate enough theory of nuclear structure exists it is usual to use experimentally measured values for the scattering length. Fermi (1950) pointed out that,
due to the great strength of the attractive nuclear potential, the neutron wavefunction
will make many oscillations inside the nucleus with the result that positive scattering
lengths are much more probable than negative ones (see figure 1) which is borne
out by observation. A quantitative study based on this idea has been carried out
(Peshkin and Ringo 1971) and shows that the statistical distribution of scattering
lengths among different isotopes is in fair agreement with that expected if the parameters characterising the neutron-nuclear potential well are assumed to be uniformly
distributed in a random fashion.
I n general, the scattering length a depends on the relative orientation of the
spins of the neutron and nucleus, reflecting the spin dependence of nuclear forces.
Averaging this spin-dependent scattering length over all possible orientations
between the neutron and nuclear spins, since we are only interested in materials in
which the nuclei are unpolarised, we obtain a quantity which is known as the coherent scattering length (Turchin 1965). It is this coherent scattering length which
we will refer to as ‘the scattering length a’ in the rest of this review.
A neutron penetrating a material from outside will interact with each of the
nuclei in the material with an interaction given by equation (2.4). Averaging this
interaction over the volume distribution of nuclei yields :

i

as an effective potential for the neutron in the medium. Ni(v) is the number density
of nuclear species i at the position r. Values of V for various materials are presented
in table 1. Alternatively, calculating the index of refraction of a thin sheet of material
by summing the waves scattered by each nucleus (Fermi 1550, Halpern 1952) yields
Table 1.
Material

Ni (spin up)
Ni (spin down)
Be
C

cu

Si02
Mg

Al

Perspex
Polyethylene
H2O

UCN

properties of various materials.

Effective potential
(units of 10-8 eV)
(equation (2.12))

27
21
25
18

17
11
6.1
5.6
3.3
-1.1
-1.7

Theoretical loss factor,

f = W j V x 104
(equation (3.8))

2.5
0.1 (300 K)
0.1
3.1

-

0.2
0.5
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the same result. This problem is discussed more fully by Lax (1951, 1952) and
Goldberger and Seitz (1947), and with special attention to the case of reflection
of cold neutrons by Steyerl (1972a) and Ignatovich (1972).
Neutrons can also be absorbed by nuclei. The process can be described by a
cross section ua. The relation:
UaCC 1pCC l/v
(2.6)
is often used and holds in the case when the interaction responsible for the absorption
is confined to a region which is much smaller than the neutron wavelength and
decreases outside this region (Landau and Lifshitz 1958).
If we recall that the effect of an imaginary potential, -iW, in the Schrodinger
equation is to cause the probability density to decay as exp (-2Wt/A) we see that
setting:
&A Njcsa(h
(2 * 7)

w=

z

will give a correct description of the absorption. Essentially the same result is obtained from the rigorous calculation of Goldberger and Seitz (1947). We note that
W is independent of neutron velocity when equation (2.6) holds.
I n addition to absorption, neutrons can be inelastically scattered. The term
‘inelastic’ as used here refers to events in which the neutron either loses or gains
energy as a result of interacting with the thermally excited motions of the nuclei
in the material. This terminology is conventional in low-energy neutron scattering.
Of course, ‘inelastic’ scattering is elastic according to the usage of other fields of
physics.
For low enough incident neutron energy the inelastic cross section satisfies (2.6)
(Turchin 1965, Gurevich and Tarasov 1968) and the inelastic scattering is almost
entirely energy up-scattering, resulting in a final neutron energy much greater than
V. Hence neutrons which are inelastically scattered have energies larger than the
potential barrier and are effectively ‘lost’ from the UCN energy range. W is now
determined by replacing aa(i)by:

where gin(‘) is the total inelastic scattering cross section for the nuclei of type i
in the material. We will refer to the two processes of absorption and inelastic scattering
as ‘loss’.
An alternative approach, not requiring the introduction of a complex potential
and valid in the case of small loss, is to assume that in lowest order the wavefunction
is unaffected by the presence of loss and to calculate the loss using this wavefunction.
The rate of loss from a state described by the wavefunction $(U) is:

where

00

is the velocity at which q,(vo), the loss cross section, is measured and:

is the average product of the number density of nuclei and loss cross section at Y.
We consider a beam, incident from vacuum onto the surface of some material
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I

and normalise t,h I to unit density. We obtain the probability of absorption per
bounce as:

PB=

1

3
[NOL(~O)],.
It,h(r)I ' d3r/S
Vi

(2.10)

where vi is the incident neutron velocity (in vacuum) and S is the total area of the
surface.
This approach gives results in agreement with the use of the complex potential
(V - i W ) ,in the case when the loss is small, and may result in a simpler calculation
when considering reflection from complicated surfaces consisting of one or more
thin layers.

2.2. Magnetic interaction
Neutrons possess a spin of J2i and a magnetic dipole moment of p= - 1.91
nuclear magnetons. T h e interaction energy of the magnetic moment with a magnetic
field is:
Vm= - B(r)= 5 6 x 10-12 B
eV
(2.11)
where B is measured in gauss, and the sign is determined by the direction of the
spin relative to the field. If the magnetic field B is inhomogeneous there will be a
force, F, exerted on the neutrons where:
F=-VVm=Vk.B(r)=

I~\V~B(Y)I.

(2 * 12)

T h e latter equation holds only in the case where the neutron's motion is so slow
that the magnetic moment always maintains the same orientation with respect to
B (adiabatic case). The condition for this is that the time dependence of the field
seen by the neutron is much less than the precession frequency of the nuclear moment
in the field:
(2.13)
].
condition (2.13) is
I n this limit the transition probability is 5 [ ~ / ( w L T ) ~When
badly violated, W L T < 1, we find that the neutron's dipole moment tends to keep
its direction fixed in space with probability approaching unity (Rabi 1936, Vladimirski
1961).

2.3. The weak interaction
This interaction is responsible for the decay of the neutron as well as many nuclei
and elementary particles. T h e neutron decays according to the reaction :
n+p+e-+C.
There are two existing measurements for the decay time of this interaction:
7=918 5 14 s

(Christensen et al 1972)

and
7=

1012521 S

(Sosnovski et al 1959)
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although the former value is currently accepted by most authors (Particle Data
Group 1976).

2.4. The gravitational intflaction
I n the Earth's gravitational field neutrons have a potential energy of:

V , = mgh

or

1-02x 10-7 eV m-1.

(2.14)

We can get a comparison between the various forms of neutron potential energy
by noting that a copper wall, a magnetic field of 28 kG and a height of 1.7 m all
represent a potential energy of 1.7 x 10-7 eV for neutrons.

3. Total reflection of neutrons from material walls
According to the result in equation (2.5) we can consider the surface of a material
with positive scattering length a as constituting a potential barrier. Neutrons with
kinetic energy in the direction of the normal to the surface, E I,satisfying:

i

cannot penetrate the surface according to classical mechanics and are totally reflected,
with some surface penetration according to quantum mechanics. For neutrons of
velocity v , travelling at an angle 0 with respect to the surface:

E,=fim ( v sin

0)2

and
(3.3)

( A is the neutron wavelength) is the condition for total reflection. By adding the
magnetic interaction (2.11) to the RHS of (3.1) we obtain:

as the condition for total reflection from magnetised materials.
Total reflection was first observed in the experiments of Fermi and Zinn (1946)
using a non-monochromatic neutron beam. They could not determine the critical
angles for total reflection because of the velocity spread but they demonstrated
the existence of total reflection and hence of positive scattering lengths for several
elements. Shortly afterwards Fermi and Marshall (1947) used a beam which was
velocity-selected by Bragg reflection from a CaF2 crystal and measured the critical
angle and hence the scattering length for many elements.
The technique can be used to determine scattering lengths from liquids and
gases as well as solids. Further references can be found in Gurevich and Tarasov
(1968).
Although there has been some controversy concerning the use of B or H in
(3.4) the equation has been experimentally verified and can be derived by several
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different methods (Halpern 1952). T h e use of total reflection from magnetised
mirrors as a method of producing polarised beams of neutrons was first suggested by
Halpern (1949).
T h e polarisation of beams is based on the fact that, according to (3.4)’ there
will be a different critical angle for each neutron polarisation and thus there will
be a range of angles for which only one polarisation will be reflected. The polariser
efficiency is improved if sin Be z 0 for one polarisation.
T h e phenomenon of total reflection of neutrons is applied in the construction
of neutron guide tubes (Maier-Leibnitz and Springer 1963). Neutrons which satisfy
(3.3) will be totally reflected many times while travelling in the interior of the tube
and can be transported for large distances with small loss in intensity.
If the reflections from the walls of the guide tube were completely specular
(angle of reflection equals angle of incidence) then all neutrons within a solid angle
determined by Bc (equation (3.4)) would be transmitted through the tube, thus
providing an increase of intensity at the experiment which is often quite significant.
However, non-specular reflections lead to some loss of neutrons. This subject is
discussed in detail in $8.
Guide tubes have been used in the experimental search for the neutron’s electric
dipole moment (Dress et al 1977) and are used extensively at the new high-flux
beam reactor at the Institut Laue-Langevin (Ageron and Blum 1972) where they
allow many more beams to be derived from the reactor.
Neutrons with total kinetic energy E satisfying the condition E < V will be
totally reflected for any angle of incidence. Such neutrons are referred to as ultra-cold
neutrons and when many such neutrons are trapped in a pipe or container we call
the system ‘ultra-cold-neutron (UCN) gas’.
T o treat the reflection quantum mechanically we will assume a surface whose
roughness (if any) is on a scale much smaller than a neutron wavelength. I n this
limit we can treat the surface as an abrupt potential step. If the surface extends
over a region much larger than a wavelength we have the one-dimensional potential
step so familiar to beginning students of quantum mechanics.
The probability of reflection IR 2 from a potential barrier of height U is obtained
by applying the boundary conditions to the solution of the Schrodinger equation:

I

where E I= A2k 1212m is the kinetic energy associated with the neutron’s motion
in a direction normal to the surface (Leighton 1959, Schiff 1968). We see that for
E I< U , RI 2 = 1 if U is real. For U = V - i W and to first order in W with E L < V :

I

where

-

and we assumed W(E V)-l< 1.
An exact expression for RI 2 is given in Luschikov et al (1968) and Antonov
et a2 (1969a). Table 1 shows values off for some interesting substances.
-4s previously noted W a s well as V , and thereforef, are independent of neutron

I
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energy. This means t h a t f g l even at the energies of ultra-cold neutrons ( E 5 V )
when ‘loss’ cross sections are often much larger than the coherent elastic scattering
cross section (4.rra2) and the presence of loss will not significantly change the wavefunction.

4. Ultra-cold-neutrongas-history
4.1. Early developments
The considerations of the preceding section led many people to consider the
possibility of using the phenomenon of total neutron reflection to trap and store
ultra-cold neutrons in material cavities. The first discussion to appear in print was
that of Zeldovich (1959) who examined the possibility of UCN storage and estimated
the lifetime against absorption in the walls of a graphite cavity.
Following this Vladimirskii (1961) discussed the possibility of controllirig and
containing neutrons by magnetic fields. He pointed out that neutrons could be
contained in a magnetic multipole guide which has been bent into a ring. Neutrons,
whose energy of motion transverse to the guide is less than V , (equation (2. ll)),
can be stored in the ring, but over long periods of time slight errors in the field
geometry might lead to a coupling of some of the longitudinal energy into the transverse direction, resulting in a loss of neutrons. He then discussed the possibility
of storing neutrons whose total energy is less than Vm and suggested the use of
magnetic neutron storage for the direct determination of the neutron lifetime. Such
experiments are now underway (Kugler et a1 1978) and we discuss them further
in 97.4.
Doroshkevich (1962), Forward (1963) and Foldy (1966) have also discussed the
behaviour and storage of ultra-cold neutrons. Foldy pointed out that walls covered
with condensed helium might be useful for storing neutrons although the height
of the potential V in helium is some 10-20 times lower than what is available with
other materials. One attraction of helium is that the losses might be very small,
absorption is forbidden by conservation of energy and the thermal excitations may
be such as to produce very small loss rates (see also Golub 1977).

4.2. The first observations of ultra-cold neutrons
The first observation of the storage of ultra-cold neutrons was reported by
Luschikov et a1 (1968, 1969), some nine years after Zeldovich’s suggestion appeared
in print. This remarkable experiment was carried out using a pulsed reactor at the
Joint Institute for Nuclear Research at Dubna, USSR. The (time-averaged) thermal
flux available was only 1.6 x 1010 neutrons cm-2 s-1, which can be compared to
1014 neutrons cm-2 s-1 in some high-flux reactors.
The neutrons exchange energy with the vibrational motions of the hydrogen
atoms in a hydrocarbon moderator as discussed in $5. By this process the neutrons
approach thermal equilibrium with the moderator and the energy spectrum of the
neutrons approaches a Maxwell-Boltzmann distribution. As a result, a very small
fraction (the extreme low-energy tail of the distribution) reaches the ultra-cold
energy range (see $5.1). Those neutrons which reach this range in a thin strip of
polyethylene situated at the end of a bent copper tube ( Vcu= 1.7 x 10-7 eV) are
then trapped in the tube and travel along its length making collisions with the walls.
A fraction of the UCN find their way down the tube; at each collision with the walls

-
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there is a probability of loss (equation ( 3 . 6 ) ) . Transmission through tubes is discussed
in detail in $8. T h e result of these effects was a counting rate of less than one neutron
per 100 s in the experiment of Luschikov et aZ(1968). I n spite of this low counting
rate the authors were able to demonstrate the existence of UCN gas and to make a
rough measurement of the storage time in the tube.
Following this experiment the Dubna group, in collaboration with a group at
the Kurchatov Institute in Moscow, extracted UCN from a steady-state reactor with
a thermal flux at the input to the UCN gas conducting tube of 2 x 1013 neutrons
cm-2 s-1, thus achieving counting rates of 5 neutrons s-1 (Groshev et al 1971).
Figure 2(a) shows the experimental installation typical of schemes for horizontal

\J
UCN

detector

(0)

-i:
-

I

\Vacuum vessel for
neutron bottle

AI window
0.1 mm t h i c k
Pressure c.
Pa)

mm Hg

(1.3XIO-’

-Copper guide
tube

H2O
.Chopper
Copper guide
tube
. A I window
0.5 mm thick
‘Reactor core

Figure 2. (a) Installation for the horizontal extraction of UCN from a stationary reactor (from
Groshev et al 1971). (b) Installation for the vertical extraction of UCN from a
stationary reactor (from Steyerl 1969).
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extraction of UCN from steady-state reactors. This increased counting rate enabled
the experimenters to measure the energy spectrum of the UCN gas and to make a
more direct measurement of the storage time.
Steyerl (1969) obtained a beam of ultra-cold neutrons using a vertical guide
tube 10 m long to extract neutrons from a reactor at Munich. Due to the action
of gravity neutrons moving vertically with a kinetic energy of 1.1x 10-6 eV at the
entrance to the tube will emerge in the UCN energy range ( 1 x 10-7 eV). This
system (figure 2(b)) provides a source of neutrons with higher energies (very cold
neutrons) as well, and has been used in studying scattering of these neutrons by
different materials (Steyerl and Vonach 1972) and for demonstrating quantummechanical tunnelling of neutrons through thin films (Steyerl 1972b). These experiments will be described in 97.
I n the years following these initial experiments additional observations have
been made at the Kurchatov Institute, at the Nuclear Physics Institute in Leningrad,
at Alma Ata, and Marakesh, USSR (Shapiro 1972a), as well as at Chalk River (Robson
and Winfield 1972, Winfield and Robson 1975, Robson 1976) and at the Universities Research Reactor at Risley, U K (J C Bates and S Roy 1972, private communication, see also Roy 1976) as well as the Institut Laue-Langevin (Ageron et aZl977)
and many other places, indicating that research with UCN gas is rapidly becoming
established as a new field in neutron physics.
I n the next sections we will discuss the theory of the behaviour of UCN gas and
return to a detailed discussion of these experiments.
N

5. Production of uCN

5.1. Theory
Neutrons are generally produced as the result of a nuclear reaction or fission
process. I n either case the neutrons are produced with kinetic energies of several
MeV or higher. I n order to obtain neutrons with thermal or lower energies it is
usual to surround the source with some material (moderator) which scatters the
neutrons, gradually absorbing the neutron energy by recoil of the scattering nuclei.
As this process is fundamental to the operation of nuclear reactors there has been
an enormous effort put into studying it (Amaldi 1959, Beckurts and Wirtz 1964,
Egelstaff and Poole 1969). An elementary treatment was given by Fermi (1950).
As the neutron’s energy approaches the magnitude of the chemical energies binding
the scatterers into the moderator material, these binding forces must be taken into
account as must the thermal motions of the scatterers when the neutrons approach
thermal energies.
If the moderator consisted of materials whose nuclei did not absorb neutrons
and was of an infinite size the neutrons would eventually come into thermal equilibrium with the moderator and the energy spectrum would be Maxwellian, corresponding to the temperature of the moderator. I n any real system both absorption
and boundaries are present and so the thermalisation is not complete. It is often
a useful approximation to consider the actual neutron spectrum to be Maxwellian,
corresponding to a temperature slightly higher than the temperature of the moderator.
If one wants to obtain an increase in the flux of neutrons at energies below that
corresponding to room temperature it is possible to cool the moderator (Butterworth
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et a1 1957). It is usual to use liquid hydrogen or deuterium at 20 K (Ageron et a1
1969).
At thermal equilibrium the density of neutrons with velocities between v and
v + dv is given by:
2Q.0 v2
p(v) dv =
- exp ( - ~21.2) dv/a
( 5 * 1)
~

a:

012

where (Do is the total thermal flux, used to characterise the strength of neutron sources,
= (2k~T,/m)1/2=2200 m s-1 for Tn = 294 K and Tn is the neutron temperature.
T o determine the density of neutrons available for trapping in a cavity whose
walls have a potential Y we see that for v <a the density of neutrons with E < V is
given by:
PUCN =

p 2 (6)
3?

We should note that equation (5.2) represents the maximum UCN gas density
that can be obtained from a given source at temperature T if the UCN are in thermal
equilibrium with the moderator. For T = 300 K, a:=2*2x 105 cm s-1 and V =
2.5 x 10-7 eV (Be cutoff):
pucN = 1 0 4 3 ( D ~
where (Do is in units of neutrons cm-2 s-1.
The largest thermal fluxes presently available (at Brookhaven National Laboratory
and Institut Laue-Langevin) are of the order of $0 = 1015 neutrons cm-2 s-1, corresponding to a maximum UCN gas density of 102 cm-3. The use of a moderator
cooled to liquid-hydrogen temperature (20 K) (Butterworth et al 1957, Webb 1963)
may increase this by a factor of 50 so the maximum density available from thermal
reactors is about 103-104 cm-3. All the various schemes for extracting UCN from
reactors involve some degree of loss so the available densities will always be less
than the above figures.
I t is possible to obtain higher peak thermal fluxes with a pulsed source than with
a steady-state source. Such a pulsed source, currently under construction (Rogov
and Shabalin 1976) at Dubna, is expected to yield a peak flux of lO17neutrons
cm-2 s-1. A pulsed high-intensity ‘neutron spallation’ source is currently under
construction at the Rutherford Laboratory (Hobbis et al 1977) and a similar source
is being built at the Argonne Laboratory. By covering the end of the UCN gas vessel
with a fast acting shutter which is only open during the time the flux pulse is on,
the UCN can build up to the density corresponding to the flux in the peak of the
pulse. I n practice, the increase in density will be limited by loss processes in the
walls of the vessel, any spread in the length of the pulse as the neutrons undergo
moderation and any excess of the window opening time over the pulse width
(Antonov et a1 1969a, Shapiro 1971, 1972a).
If the thermal neutron pulse lasts a time r p and the shutter of area S is open
for a time r1 > r p ,p is the average UCN density in the cavity, pp is the UCN density
during the pulse, T is the pulse period and ,U is the loss probability per bounce on
the cavity walls whose total area is A, then by equating the number of neutrons
entering and leaving the cavity per cycle:
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we obtain:
(5 *4)
For

T ~ T=I =

T/(2 x 103) and AIS = 102 we obtain:
P = PP/3

for

t".= 10-5

which is possible theoretically. Thus we might hope for a density:
P " 3 Q ~ 3=x 103 neutrons cm-3
using the Dubna source, with a further increase possible on cooling the moderator.
Pokotilovsky et al (1975) suggested the use of pulsed ferromagnetic foils and
Golikov and Taran (1974, 1975) suggested the use of switched magnetic fields as a
means of providing a fast-acting UCN valve. This would rely on the magnetic interaction (2.11) to provide a valve for neutrons with the proper spin direction and
would provide a source of polarised UCN.
We are interested in the density of UCN in a fixed region of momentum space:

p z < 2mV.

(5.5)

T o increase this density would correspond to increasing the density in phase space.
Now the Maxwell distribution (5.1) corresponds to a constant phase space density
for momenta such that (v/a)2<1 and a smaller phase space density outside this
region. Therefore systems which use some potential distribution to alter the energy
of the neutrons, e.g. extraction of the neutrons from the reactor by a vertical tube
(Steyerl 1969, 1972c), or reflection of the neutrons from moving surfaces or crystals
(Antonov et al 1969b, Buras and Giebultowicz 1972, Steyerl 1975) cannot produce a
higher UCN density than existed in the initial source. This is because the neutrons
move through such systems (for which the Hamiltonian formalism is valid) in such
a way as to keep the phase space density constant. This is a statement of Liouville's
theorem (Tolman 1938, Goldstein 1950), which says that the volume of phase space
occupied by a group of particles is a constant if the particles move under the action
of forces which are derivable from a potential, which holds in the case of reflections
from moving matter where the potential is described by equation (2.5) (Shapiro
1972b). There is a relation between the phase space volume occupied by a system
and the entropy. I n an isolated system both quantities can only increase. I n order
to decrease the phase space volume occupied by a system (and the entropy) the
original system (A) must be allowed to interact with another system (B) so that
the entropy and phase volume of (A) decrease while that of (B) as well as the entire
system (A+B) increases. This is what happens when the neutrons are dzusing
through a colder moderator.
We note that the UCN gas with density distribution given by (5.1) for v < v c
and zero otherwise is not in equilibrium. Left to itself the gas would relax through
neutron-neutron interactions to a temperature given by :

although, in practice, it will never reach equilibrium because the high-energy tail
29

454

H Golub and J ill Pendlebury

(with E > V ) of the Maxwell distribution corresponding to the temperature ( 5 . 4 )
will escape from the container.
Needless to say, the collisional relaxation time is enormous, being given by :

where n is the UCK density in neutrons cm-3 and Ob is the neutron-neutron cross
section in barns (1 b = 10-24 cm2) and may be about 34 b (Haddock et a1 1965).
The strongest interaction of the UCN gas will be with the walls of the container.
The result of this is that the gas will tend to equiiibrium at the temperature of the
walls ( ~ B T , $V,) so that this interaction will contribute to the loss of UCN as discussed
in $2.1. I n any event the neutron P-decay limits the times of interest to a few thousand
seconds ( T ~ Nlo3 s).
We now consider some of the effects which occur in the moderator and reduce
the available UCN density below that given by the above calculations. If we wish
to trap some UCN inside a closed container we have the problem that the only neutrons
which can enter the cavity by penetrating the walls will have too large an energy to
be contained by the walls ( E > Vw). To overcome this we must either ( U ) fit the
container with a window made of a material whose potential energy is considerably
lower than that of the material forming the walls of the container, ( b ) place some
material, called a ‘converter’, which is capable of converting the neutrons from
E > Vxvto E < V , inside the container, or (c) provide a moveable valve made of the
same material as the walls. I n cases ( a ) and (b) the window or converter surfaces
provide a path for UCN to leave the container as well as enter it, as does the valve
(case (c)) when it is open. At equilibrium the number of UCN entering the container
per second will equal the number leaving per second when the UCN density just inside
the container equals that just outside the entrance (Q) or in the converter (b). In case (c)
equation (5.2) gives the equilibrium density.
In order to calculate the UCN density available from a moderator which may be
either the converter itself or the moderator adjacent to the window, we note that
the total cross section for UCN, which is the sum of capture and inelastic scattering
cross sections, can be very large since both these cross sections vary as l/v. For
hydrogenous substances the total mean free path AUCN is of the order of a millimetre.
T h e only ultra-cold neutrons which are able to emerge from the material are those
which reach the UCN energy range within a distance of the order of XUCN from the
surface, so we only have to consider this thin surface layer in calculating the production of UCN. However, the remainder of the moderator material may affect the
energy distribution of the neutrons incident on this ‘active’ layer.
UCN are produced by the inelastic down-scattering of higher-energy neutrons,
i.e. neutrons lose energy by creating excitations in the moderator material. T h e
number of UCN produced in an energy range between EUCNand EUCN+dEucN per
unit volume of moderator per second is found by multiplying the incident neutron
flux +o(E) by the macroscopic differential energy transfer cross section for downscattering :

(5.7)
where iV is the density of atoms in the moderator material and d o , ( E + E u c ~ ) is
the (microscopic) differential cross section for scattering neutrons of energy BUCK
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into the energy range EUCN
to EuCN+dEUCN. (Note that E,s for a given process
is the inverse mean free path for that process.) This gives a UCN source strength
(UCPU'
produced per unit volume per second) of:
We assume +o(E) to be hoinogeneous and isotropic. T h e UCN produced according
to (5.8) travel through the moderator until they are either captured or scattered
inelastically (in which case they leave the UCN energy range) or elastically scattered.
In the absence of elastic scattering we obtain the flux of UCN leaving the surface of
the moderator by multiplying S(EUCN)dEUCN by the effective thickness of the
active layer described above, (Xi,+ C&1. Calculations (Golub 1972, Golikov et al
1972, 1973) shows that the emitted flux is given by:

where the total inelastic up-scattering cross section for
&n(Eucw)

=

UCN

is:

J2ucN
~,s(EucN+E)dE.

(5.10)

According to the principle of detailed balance which holds for materials in thermal
equilibrium, where the probability of a state being occupied is proportional to the
Boltzmann factor (Reif 1965), we can write (Davison and Sykes 1957, Egelstaff and
Poole 1969):

Es(E-+EucN)Eexp (- E / h T )= &(EUCN-+E)EUCN
exp (- EucN/KBT)(5.11)
so that the up-scattering and down-scattering cross sections are related and we
can calculate both cross sections by using the one-phonon incoherent approximation
(Turchin 1965, Gurevich and Tarasov 1968) for Cs(Eucn.+E). According to
is proportional to g( E), the phonon spectrum of
this approximation CS(EUCN-+E)
the moderator material.
Equation (5.9) for the flux emerging from the moderator can be corrected for
elastic scattering (Golub 1972, Steyerl 1972c) which in the case of an assembly
of nuclei is non-zero only because of inhomogeneities in the moderator material
as studied by Steyerl and Vonach (1972). I t is also necessary to consider the effects
of the potential energy in the moderator material on the emerging flux (Golikov
et al 1971). On emerging from the moderator into a vacuum the UCN will gain an
amount of kinetic energy equal to the magnitude of the moderator's potential energy
and this increase of energy will be directed normal to the moderator surface. As a
result of collisions with the container walls the neutron gas will have its direction
of motion randomised. Equating the number of UCN entering the vacuum with the
number going from the vacuum to the moderator we find the spectrum given by
equation (5.1) is unchanged except for the loss of those UCN with E < Vmod. Figure 3
shows the spectrum in the moderator (broken line) and the vacuum (full line).
T h e potential energy in the medium has a further effect on the UCN density
in the vacuum. T h e potential barrier represented by the moderator surface will
cause a wave-mechanical reflection to take place for neutrons entering and leaving
the moderator. T h e effects of this have been calculated by Golikov et al (1971).
It is clear from figure 3 that one of the criteria for selecting a moderator material
in the case of straightforward horizontal extraction is that Vmod< Vkvall. If this
can be achieved then the effects of vmod will be small.
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Figure 3. Energy spectrum of

UCN

E
flux in the moderator (broken) and in vacuum (full).

Calculations based on equation (5.9) have been performed for hydrogenous
materials with a Debye phonon spectrum (Golub 1972), for polyethylene, beryllium,
zirconium hydride, aluminium and magnesium using realistic phonon spectra by
Golikov et a1 (1972, 1973) and for graphite using a realistic spectrum by Steyerl
(1972~). Some results of the calculations of Golikov et a1 are shown in figure 4.

5.2. Experimental yesults on the pyoduction of

UCN

5.2.1. Converters. Golikov et a1 (1972, 1973) carried out some experiments to check
their calculations of the production rate of UCN gas. The apparatus consisted of
a bent copper tube to guide the UCN produced in the converter, which was installed
at the pulsed reactor in Dubna, to a detector. For the case when the neutron
temperature T N equalled the converter temperature Tc ( T,v= Tc= 300 K) they
obtained the following results (normalised to the production rate with a polyethylene
converter) :
Zr H,
1.0 & 0.1 (0.9)
Mg
0.48 & 0.07 (0.414)

A1

0.096 & 0,014 (0.087).
(Numbers in brackets are their calculated values.)

Tc ( K l

Figure 4. Calculated UCN flux against converter temperature, Tc, relative to a polyethylene
converter at TC=300 K. Incident neutrons assumed to have a Maxwellian
spectrum at 300 K (from Golikov et al 1973). 1, polyethylene; 2, beryllium;
3, zirconium hydride; 4,magnesium; 5 , aluminium.
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On cooling the converter from room temperature with liquid nitrogen they
obtained the following factors for the increases in UCN gas production rates:
Polyethylene
ZrH,

130 K

2.2 & 0.2 (3)

90 K

4.0 & 0.2 (5.5)

130 K

2.3 0-2 (3.4).

Some of the possible reasons for the discrepancies between theory and experiment
are given by the authors as:
( U ) Elastic scattering from inhomogeneities with a size of the order of a neutron
wavelength in the converter material. Such inhomogeneity scattering was first
observed and explained by Steyerl and Vonach (1972) who showed that it leads to
an increase in the total cross section for slow neutrons above the l / v law. T h e results
of the calculations (Marshak 1947, Golub 1972, Steyerl 1972c, Steyerl and Trustedt
1974) and measurements (Steyerl 1972c) show that this can lead to a significant
decrease of UCN output in cases where the material is very inhomogeneous.
( b ) The uncertainty in the frequency spectra for the various materials. T h e
spectra used in the calculations were obtained with Tc= 300 K.
T h e best moderator materials for straightforward horizontal extraction would
be those with (i) X;cap<X;in, thus minimising the denominator of (5.9), and (ii)
vmod< Vwall so that UCN do not gain too much energy on leaving the moderator
(figure 3).
Condition (ii) can be satisfied by many hydrogenous materials since hydrogen
has a negative scattering length. I n fact, as seen in table 1 several hydrogenous
materials have negative effective potentials. However, because of the rather large
capture cross section of hydrogen (acap = 102 b at v = 7.4 m s-1) condition (i) holds
only for certain temperatures and phonon spectra. From the viewpoint of condition
(i) deuterated hydrocarbons, D2O or graphite would make better converters but
these are almost completely ruled out by condition (2). The use of a potential,
e.g. the gravitational potential in vertical extraction as used by Steyerl (1972~)or
the potential of a moving mirror or crystal (Steyerl 1975, Antonov et a1 1969b, Buras
and Giebultowicz 1972), to decelerate the neutrons after their being emitted from
the moderator (see next subsection) allows the choice of materials which violate
condition (ii), This is because in these schemes the neutrons which reach the experimental region with UCN energies ( E < Vw)have much larger energies when they leave
the moderator so the efiect of the moderator potential on them will be negligible. These
decelerating techniques also allow the imposition of thicker windows at the entrance of
the neutron guide tube (often necessary for reasons of reactor safety) than would
otherwise be possible since total cross sections either increase as l/v or faster (in the
case of inhomogeneity scattering) as U decreases. Of course, in evaluating these
techniques the other losses associated with them must be considered.
Several different schemes of neutron extraction have already been used and
no doubt more will be tried in the future. Luschikov et uZ(1968) used a polyethylene
moderator at room temperature with a low-flux pulsed reactor. One problem with
polyethylene is the possibility of radiation damage to the material when exposed
to the higher fluxes in the core of a steady-state reactor although Robson and Winfield
(1972) and Winfield and Robson (1975) have reported no noticeable deterioration
in converter efficiency when a polyethylene converter was exposed to a thermal
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neutron flux of 1012 s-1 cm-2 and a fast ( > 7 MeV) neutron flux of 1010 cm-2 s-1
for more than two months.
I n order to avoid problems with radiation damage to the polyethylene the DubnaKurchatov Institute collaboration (Shapiro 1972a, Groshev et all973) used aluminium
as a converter although this involved a loss of intensity of about ten times. T h e
experimenters then replaced the aluminium by a converter consisting of water
Rowing behind a thin window (0.3 mm thick). This design allowed the converter
to run at a lower temperature -300 K as compared with 600 K for the aluminium.
As different detectors were used for the two cases it is difficult to say how much
of the observed increase (which was by a factor of 6) was due to the replacement
of the converter.
Other materials used as a converter by different groups were magnesium with
a thin aluminium cover and zirconium hydride. The Dubna-Kurchatov collaboration observed the following counting rates on a system consisting of a 6.5 cm diameter
copper pipe, 5 m long, with a thermal flux at the converter of 5 x 1012 cm-2 s-1.
T h e detector was a 3He proportional counter with a 0.06 inm thick A1 window
(Groshev et a1 1973).
Converter

A1
Mg-A1 shell, 0 * 2 mm
ZrH1.6, 300 K
ZrHi.9, 300 K
ZrHl.9, 100 K

Count rate (s-1)

4
8*8
24

27
48

Axmetov et a1 (1974) carried out a detailed theoretical and experimental study
of various gaseous and frozen converters at temperatures down to 80K. While
hydrogen, deuterium, water ice and frozen alcohol all make useful converters the
results did not show any significant improvement over ordinary water. Their calculations indicated that gaseous para-hydrogen at 20 K should give an increase of a
factor of 30 in UCN intensity.

5.2.2. Production of

UCN by deceleration of faster neutrons. Steyerl (1969, 1972~)
used a vertical guide tube to extract neutrons from a reactor in Munich. This made
it possible to use a graphite converter. Due to y-ray heating, its temperature was
510 K. Calculations similar to those described above, including the effect of inhomogeneity scattering (Steyerl and Vonach 1972), were used to determine the flux
of neutrons in the low-energy tail of the Maxwellian. T h e observed intensity reaching
the detector was then used to determine the losses in the neutron transmission
system.
A similar system has been used in Leningrad (Lobashev et al 1973, Egorov et al
1974) where a vertical guide tube was installed with a beryllium converter. T h e
converter was kept at 150°C and a UCN flux of 36 neutrons cm-2 s-1 was reported
from a thermal flux of 3-5 x 1013 neutrons cm-2 s-1. Cooling the beryllium source
to 30 K resulted in a gain of about 12 times, resulting in a useful UCN flux of about
400 neutrons cm-2 s-1 (Altarev et a1 1976). The authors emphasise the importance
of the physical preparation of the sample in reducing the inhomogeneity scattering
(cast beryllium gave the best results). There is also the possibility that the inhomogeneities in the beryllium may increase with time due to radiation damage (Pendlebury
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et a1 1974). For comparison a UCN system using horizontal extraction with a watexcooled zirconium hydride converter produced a UCN flux of 19 neutrons cm-2 s-1
from a thermal flux of 2-4 x 1014 neutrons cm-2 s-1 at the SM-2 reactor in Dimitrovgrad (Zamiatin et a1 1974, Kosvintsev et a1 1977).
A source recently installed at the Institut Laue-Langevin in Grenoble (Ageron
et a1 1977) using an inclined guide tube (35" to the horizontal) has produced a UCN
flux of about 300 neutrons cm-2 s-1 from an H20 converter at 50°C. T h e thermal
flux in this case was 6 x 1014 neutrons cm-2 s-1.
Another interesting approach to the problem of extracting UCN from a reactor
is to use a 'neutron turbine', proposed and built by Steyerl (1975). I n this device,
neutrons with an initial velocity of 50 m s-1 are transferred to the UCN energy range
by multiple reflections from a series of curved moving blades. T h e principle is
shown in figure 5 , where we see that the incident neutrons with an initial velocity
of V I - 50 m s-1 are moving with a velocity s = 2 5 m s-1 with respect to the curved

Figure 5. Principle of the neutron turbine. Neutrons with initial velocity vi M 50 m s-l
enter the turbine and after several reflections leave the turbine with the relative
velocity between the neutrons and the turbine blade changed in direction as shown
in the lower vector diagram (from Steyerl1975).

'turbine' blades which are moving with V T = 25 m s-1. After making several bounces
on the moving blades which act as a curved neutron guide the neutrons emerge with
their velocity relative to the blades, ur, almost reversed with respect to V T , resulting
in a final velocity with respect to the laboratory of v2-5 m s-1. Starting with a
thermal flux of 1 x 1 0 1 3 neutrons cm-2 s-1 a UCN flux of 2.7 neutrons cm-2 s-1 was
obtained.

5 3 . Super-thermal sources of

UCN

An obvious answer to getting still higher UCN densities would seem to be to cool
a moderator to lower and lower temperatures. I n addition to the problem of providing
enough cooling power in the presence of the heat input from y-ray and nuclear
heating in the reactor there is also the problem of finding a suitable material, i.e.
a material having enough low-lying excitations and which can withstand the radiation
damage which results from being in the reactor core.
Another approach is to look for a system in which the UCN density is not limited
by thermal considerations-a system in which Liouville's theorem does not apply
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to the neutrons considered on their own. Of course (as discussed in §5.1), Liouville's
theorem will always apply to the neutrons and moderator treated as a single system.
Under steady-state conditions the rate of neutrons entering the UCN energy region,
Re, equals the rate of loss of neutrons in this energy region, RL. We define T as
the lifetime of UCN in the system due to all processes, e.g. absorption, inelastic upscattering, neutrons leaving the moderator, etc. If we want a higher density of
UCN we must find a system where either ( a )Re is enhanced and/or (b) RL is suppressed.
T h e authors are aware of two methods which have been suggested to bring about
( 6 ) without significant loss of Re.
T h e first suggestion (Namiot 1974) makes use of a moderator in which the nuclei
are essentially IOOo/b polarised parallel to a strong magnetic field (this can be
accomplished by the dynamic nuclear polarisation (Abragam 1961, Reif 1965)).
A neutron with spin antiparallel to the field (magnetic moment parallel to the field)
can scatter from a nucleus with a flip of both nuclear and neutron spins, losing
an amount of kinetic energy equal to the gain in magnetic potential energy of the
nucleus and neutron, AE = (pnuc+ Ipneut I)B. A neutron with spin parallel to the
field cannot make a spin-flip transition because of conservation of the total spin.
If, in addition, there is a large enough RF magnetic field present with its frequency
resonant with the neutron magnetic transition there will always be about half the
neutrons in the required spin state (antiparallel to the field) (Namiot 1974).
We can estimate the density of UCN (following Golub and Pendlebury (1975))
starting from equation (5.8) :
~ ( E u c NdEUCN
)
= ~o(E")NQs(E
* -+ EUCN)~ E U C W
=TRe

(5.12)

where E*= Euciv-t- AE is the energy of neutrons which can be transformed to
UCN by the magnetic scattering, r#o(E) is the incident neutron flux and os ( E " + E u ~ N )
is the cross section for a neutron to scatter from E " - t E u c ~ . If we consider solid
deuterium as an example and assume the temperature is low enough so that upscattering is negligible we have:
T =( N ~ a ~ ) - l
(5.13)
where

is the absorption cross section at velocity U (0.5 nib at 2200 m s-1).

Following
(5.14)

where 00 is the cross section for spin-flip scattering from a static nucleus (ao- 1 b
for deuterium). Taking E* -25 x 10-7 eV we estimate the UCN density by integrating
= E, 10-3 K and we obtain:
(5.12) over dEucw up to EUCN
N

PUCN N

1O-l0 (DO

(5.15)

using a Maxwell distribution for the incident flux assumed to be at To -- 20 K. This
is to be compared to what we expect at thermal equilibrium at 1 K from equation
(5.3):
PUCN 2 x io-' (Do.
(5.16)
N

Thus the question of whether this source will provide densities greater than expected
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at thermal equilibrium depends on how high a temperature can be permitted before
too many nuclei are found in the undesired polarisation state.
T h e second suggestion for suppressing loss mechanisms is based on the idea
that in a moderator with only two energy levels separated by AE 9 T , where T is
the temperature of the moderator, the loss rate of UCN, RL, due to inelastic scattering
will be suppressed by the Boltzmann factor - exp ( - A E / T ) (Golub and Pendlebury
1975). Such a system can be realised by a purely coherent scatterer, since in coherent
scattering energy and momentum are conserved between the neutrons and phonons
and only neutron energies E X (figure 6) can communicate with the UCN region.
Liquid 4He seems the ideal material for this as it is a purely coherent scatterer and
its absorption cross section for neutrons is rigorously zero.

Wavenumber, k

Figure 6 . Conservation of energy and momentum in coherent scattering of UCN from phonons.
1, phonon dispersion curve; 2, free neutron energy, E =HZk2/2m.

For liquid helium the cross section u ~ ( E " - ~ E u c Nis) given by equation (5.14)
multiplied by 2 S ( k " ) z @ 2(Golub and Pendlebury 1977) and using T = l o 3 s (under
the assumption that theoretical UCN wall losses can be achieved) (see $6.1) equation
(5.12) yields:
p ~ 4 10-7
x ao.
(5.17)
This will reduce by a factor of 10 if we can only achieve presently measured wall
loss rates. Such a source has such a high expected density that if it were mounted
outside a reactor at the end of a guide tube it would still be expected to produce
densities 102 times larger than those available with present sources.
Of course, we must wait for experimental verification of these ideas before we
can be sure that such sources can indeed provide significant improvements in the
available UCN density.
N
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6. Storage of UCN in closed material containers
6.1. Storage time

-

When UCN are stored in a closed container they behave as a perfect gas except that
the density decays with time because of the neutron’s /3-decay (T / l o 3 s) and the
interactions with the wall. We will now discuss the effects of nuclear capture and
inelastic scattering, i.e. ‘loss’ in the walls of the container. Rewriting equation
(3.6) the loss per bounce is given by:

for a neutron with energy E ( E cos2 O < V ) striking the wall at an angle O with respect
to the normal to the wall.
I n the case of a surface which is not perfectly flat there will be some fraction of
the collisions which result in diffuse reflection so that after a sufficient number of
collisions the directions of the UCN will be randomised. Thus we can work with the
value of p averaged over the angle of incidence. For E < V :

p ( ~=z) J; cos +(E,

e) d(cos e)= I / ; ( E )

which approaches p ( E = V )= .rrf as E+ V. Figure 7 shows the dependence of ,?(E)
on E.
I n a gas of UCN, having a density .(U) dv of UCN with velocity between U and
v + dv, contained in a vessel with volume A and surface area S , there will be a total
number of UCN:
Nv dv = An(.) dv.
(6.3)

3%
L

f
C
._

y2 = E i V

Figure 7. The probability of loss per collision with a wall, averaged over angle, G, against
UCN energy, E.
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T h e number of losses per second will be:

For a long cylinder:

S/A =21R
so
1/710ss= VF(E)/2R.

One can show by direct calculation (Kennard 1938) that 2R is the average distance
travelled between bounces in a gas undergoing diffuse reflection on the internal
walls of a cylinder. Equation (6.5) assumes that the surface area of the vessel is that
of a perfectly smooth surface.
If we take p = f (i.e. E/V=&)(see figure 7) then we obtain T ~ o s s = ~ Xl o 3 s for
beryllium (f=4x 10-5) taking v = 5 m s-1 and R = 5 cm. For copper, f = 15 x 10-5,
we would obtain TI^^^= 135 s.
T h e first direct measurements of storage time T (Groshev et al 1971) showed
that 7 was about ten times smaller than expected. I n spite of a great amount of
theoretical and experimental work these results have remained a problem for almost
a decade.
Figure 8 shows some of the results of these direct storage time measurements
(Groshev et al 1971). The measurements were carried out by trapping the UCN in a

2.01

f

Is)

3\

0

lb 1

Figure 8. Measured number of

LO

20

60

t Is1

UCN remaining in a storage vessel, N ( t ) ,against time t (from
Groshev et al 1971). ( a ) Measurement scheme. 1, 2, input and output valves;
3, UCN detector. Diameter of bottle = 14 cm, length = 174 cm. (b) Showing the
dependence N ( t ) against t . 1, chemically polished copper bottle, mean storage
time ~ = 3 3s; 2, bottle surfaces covered with untreated copper foil, ~ = 1 s;
4 3,
pyrolytic graphite, 7 = 11 s.
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pipe of 14cm diameter between two flap valves for varying lengths of time. For
copper, beryllium, pyrolytic graphite and Teflon the authors obtained values for
the average number of wall collisions before loss, P = l/p, of between 500 and 1500,
where the value expected theoretically for copper is about five times larger and that
for the other materials 20-30 times larger. Based on ‘cursory measurements’ with
copper at a temperature of 250°C and graphite at 100 K which did not reveal a change
in storage time the authors stated that the hypothesis that the storage time is reduced
because of the presence of hydrogenous films on the walls of the bottles is not supported by the data.
The energy spectra of the UCN were also measured in this work by making use
of the energy dependence of the maximum height a particle can reach in the Earth’s
gravitational field. Robson and Winfield (1972) and Winfield and Robson (1975)
also measured UCN storage times.
Further experiments by the same group (Groshev et ai 1973), where more care
was taken in the preparation of the surface, showed that experimental values for /I
were two to three times greater than theory in the case of copper and twenty times
greater in the case of a boron-free alumina silicate glass.
Steyerl and Trustedt (1974)) working with a different arrangement where the
UCN entered the storage bottle through a shutter from below and left through a
horizontal shutter, measured storage times for copper and pyrolytic graphite bottles.
By placing various foils, which act as high-pass velocity filters because of the total
reflection, in front of the detector they were able to get some idea of the velocity
dependence of the storage time and found that there was a much more rapid increase
in absorption probability as one approached the critical velocity than theory predicted. For pyrolytic graphite they obtained P = 1200 (160 times smaller than theory)
and for copper V=820 in reasonable agreement with the results of the Russian
group. Both groups had a residual pressure of about 10-4 Torr in the UCN storage
chamber. Egorov et a1 (1974) and Eobashev et a1 (1973) working in Leningrad
obtained P = 1500 300 for a cylindrical bottle made by electroplating nickel onto
a copper tube and the same value of P for a glass bottle. T h e nickel results disagreed
with theory by a factor of 4.5 while the discrepancy with glass was 40-50. Extended
heating to 150-200°C had no effect on the storage times measured at room temperature.
Kosvintsev et at (1977) worked at Dimitrovgrad with a 340 litre electropolished
stainless-steel storage chamber whose height could be adjusted with respect to the
source. Because of the gravitational interaction (10-7 eV m-1) this allows the storage
time to be measured as a function of UCN energy. They obtained storage times
of 50-100 s depending on the UCN spectrum selected. This corresponds to v-400.
T h e same group has obtained a storage time of 330 s in a bottle consisting of a flat
copper plate. Gravity kept the UCN which had energies E < 2 x 10-8 eV from rising
more than 20 cm above the plate (Kosvintsev et a1 1976a). The Dubna group
(Groshev et at 1976) carried out the most careful studies to date on a bottle made
from electropolished copper. The UCN passed through a gravitational spectrometer
(see $8.4) which allowed the storage times to be measured for a small range of UCN
energies determined by Ah =25 cm which implies AE = 25 neV. T h e results
shown in figure 9 compare with the theoretical curve 2 calculated for an ideal copper
surface. T h e data have been corrected for the neutron /3-decay. I n fact, the shape
of the curve one obtains by assuming the energy dependence given by theory is
correct but that the parameter f is different from that calculated is such that one
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Figure 9. Average probability of loss per wall collision 7 against relative

UCN velocity v / v c
for a copper surface. Measured values shown by points (from Groshev et a1
1976). 1, calculated for loss parameter 2.6 times larger than expected; 2, calculated
for an ideal copper surface; 3, calculated for a rough surface, RMS roughness 100 A,
roughness correlation length ZUNNO;4,showing the effect of a 5 5 A layer of HzO.

obtains a value of r8= 750 2 300 s for the /3-decay lifetime. This is really quite good
agreement with the accepted value r8” 103, when one considers that the measured
storage times range from 13-200 s and given all the uncertainties in the UCN storage.
Curve 1 in figure 9 is calculated with f taken 2.6 times larger than the value one gets
using measured neutron cross section values for copper. Curve 3 is calculated for
the case of the expected cross section for copper but with a roughened surface. T h e
authors used a one-parameter model with an average roughness height of 110 A.
Such a model implies a roughness correlation length small compared to the TJCN
wavelength and this is not generally true for real surfaces. From equations (6.2)
and (6.4) we see that the storage time depends only on the product Sf so that if
we consider the other extreme case where the correlation length is long compared
to the UCN wavelength an increase in overall surface area by a factor of 2.6 would
give good agreement with the data. Curve 4 shows the effect of a 55 A layer of water
assumed to have a purely imaginary UCN potential (i.e. only loss, no reflection).
The same group (Groshev et a l 1973, Luschikov 1976, 1977a) also reported the
results of a series of experiments on a storage bottle made of boron-free aluminosilicate
glass 2.5 m long and 8 cm in diameter. T h e bottle was heated and cooled over a
cycle lasting for many days in an attempt to detect variation of UCN storage time with
temperature. Some of the results are shown in figure 10 (Groshev et a l 1975, 1976).
T h e initial rapid decay is believed to be due to neutrons with energies above the critical
energy of the glass (see $8.3) and is not considered further. It can be seen from figure
10 that while the data are certainly consistent with the storage time being independent
of temperature this does not rule out variations by as much as a factor of 2 over the
temperature range covered. While the original authors (Groshev et aZl976) concluded
that perhaps the experiment should be performed with more care, these data have
been interpreted (Luschikov 1976, Steyerl 1977) as ruling out the possibility of the
anomalies being caused by impurities on the walls. Other experimenters (J C Bates
and S Roy 1972, private communication, see also Roy 1976) have also obtained storage
times much lower than theoretical. I n fact, the data shown in figure 9 for copper
represent the closest agreement with theory that has been observed. Many authors
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Figure 10. Time dependence of the number of

UCN remaining in a glass bottle for different
bottle-wall temperatures. (O),
temperature varying along the length of the bottle
between 200"C-5OO0C; (e), room temperature; ( x ), temperature varying
along the length of the bottle between -40°C and -170°C. The broken curve
corresponds to twice the storage time of the full curve. (Data from Groshev
et al (1976), see also Luschikov (1976).)

(Luschikov 1976, Steyerl 1977) have commented that the most striking aspect of
the available data is that in spite of the large differences in the calculated values of
absorption probability for different materials the experimental values all seem to lie
within a rather narrow range of each other. Either all surfaces have a common
property or there is some fundamental principle at work.
Strelkov and Hetzelt (1977) have performed an ingenious experiment in which
they constructed a thin-walled UCN storage chamber surrounded by a set of 3He
proportional counters in order to see if the anomalous UCN loss was due to inelastic
scattering to higher energies and if so to try to determine the energy with which
the neutrons leave the bottle. The result was that even for a material like copper
where the absorption cross section is much larger than the inelastic scattering cross
section for the pure material, there were enough neutrons detected in the counters
to account for the anomalous storage times. By varying the pressure of W e in the
detector and the detector window thickness the authors were able to vary the energy
sensitivity of the detector and thus demonstrate that the escaping neutrons were
in the thermal energy range (-2000 m s-1) rather than in the velocity range of tens
to hundreds of metres per second. (As the cross section for the n + 3IIe reaction
goes as 1,'. where n is the neutron velocity, the detector is made sensitive to higher
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values of velocity by raising the 3Ke pressure.) This observation can be taken to
rule out some suggested causes for the anomalous storage times (see below),
Thus at the present time we are left with a rather unsatisfactory experimental
situation, the Strelkov-Hetzelt experiment indicating inelastic scattering as the
cause of the storage time anomalies while the measurements done with variable
temperature have been interpreted as ruling out this possibility.
While acknowledging the extreme difficulties associated with these experiments
it is necessary to point out the lack, up to now, of a really definitive set of experiments. I n spite of this there has been an enormous amount of theoretical work,
examining the problem of ultra-cold neutron storage and attempting to account for
the anomalies, to which we now turn.

6.2. Possible explanations for the

UCN

storage time anomaly

6.2.1. General theoretical considerations. According to the optical theorem:
where
is the inelastic scattering cross section, Uabs is the absorption cross section and
is the elastic scattering cross section) so that even in the absence of UCN loss
mechanisms we expect a non-zero value of Im(acoh) which would predict some
ucx loss. T h e question then arises as to where these ‘lost’ UCN go if, in fact, they are
lost. Hgnatovich (1972) investigated this question in the case of totally disordered
media, i.e. media in which there is no correlation between the positions of the different
scatterers. Equation (6.7) represents the statement that the total probability of a
neutron being removed from the incident beam proportional to I m a is equal to
the sum of the probabilities of the individual removal processes (proportional to
U&).
I n disordered media the randomness in scatterer position results in a component of non-specularly reflected neutrons and Ignatovich showed that this nonspecular component accounts for the neutrons removed from the incident beam
according to Im a. Since these non-specularly reflected neutrons are reflected
from the walls back into the vacuum space there is no loss of UCN from a storage
bottle associated with this process.
In the case of an ideal crystalline material there is no non-specular component
and in fact there is no elastic scattering away from the Bragg peaks so there is no
elastic UCN scattering. Lax (1952) shows that in the crystalline case there is also
effectively no I m a. As there is no elastic scattering there is no removal of neutrons
from the incident beam. Stepanov (1975) has arrived at similar conclusions. As
the experimentally observed UCN loss probability per bounce (- 3 x 10-4) is the
same size as c i 2 = ( d / A c r ) 2 where d is the interatomic spacing and A,, is the critical
wavelength for total reflection divided by 2n, Ignatovich and Luschikov (1975)
were led to investigate the possibility that in a proper treatment based on the full
multiple scattering theory (Goldberger and Seitz 1947, Lax 1951, 1952) there might
be a small probability of leakage of the UCN wave between the atoms of the material.
The result of a detailed calculation based on these equations was that the only losses
additional to those predicted by the conventional theory are of the order of p0a2
where po is the loss probability per bounce calculated above on the standard theory.
(gin

gel
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6.2.2. Quasi-elastic scattoing. As the observed loss rates correspond to an f 2 10-4
and acOhw10-12 cm for a typical material we require an additional loss cross section
of a ~ R b2 at thermal neutron energy (&= 1.8 A) or 500 b at UCN energies if we
assume a l l v variation of cross section (see equation (3.7)). Such a large cross
section would certainly have been observed in experiments with thermal or cold
neutrons so any mechanism capable of explaining the UCN loss must not follow the
l / v dependence and not be observable with higher-energy neutrons. Frank (1974)
proposed the possibility of quasi-elastic scattering, i.e. scattering with a very small
energy transfer, say 10-6 eV, which would be virtually undetectable with cold neutrons
except with a very high-resolution spectrometer (Alefeld et al 1969, Mezei 1972).
Frank also suggested that since the UCN wavefunction is decreasing very rapidly
with depth the averaging of the neutron wavefunction over scatterer position may
introduce some errors and should be investigated further. While this latter suggestion
has not been followed up the idea of quasi-elastic scattering was taken up by Bbkhintsev and Plakida (1976). They studied two possible mechanisms: ( a ) magnetic
scattering from atoms with a permanent electron magnetic moment, and (b) scattering
from atoms which can undergo diffusive motions in the solid.
I n the magnetic case the authors show that the quasi-elastic scattering cross
section g m is given by:
a m ( r / E o ) 1 / 2b
N

where I' is the inverse correlation time of the atomic magnetic moment due to its
interaction with the surrounding atoms. Thus for a large enough cross section
(-500 b) to account for the UCN ISSS we require r - 5 0 x 10-3 eV which would
definitely be detected by conventional neutron scattering if the magnetic atoms are
distributed throughout the material. This mechanism will also require a relatively
high concentration of magnetic atoms.
T h e authors (Blokhintsev and Plakida 1977) also discuss inelastic scattering
from a system with multiplets separated by about 10-3 eV ( N 1011 Hz) but their
estimate appears to be too small to explain the observations.
The second mechanism ( b ) is treated by the authors by assuming that the Fourier
transform of the time-dependent autocorrelation function of the nuclear positions
has a Gaussian form with a width:
= 082
(5 ' 8)
where D is the difiusion coefficient and Q is the momentum transfer. For crystalline
materials r is much too small to be of any importance, and even in amorphous
materials where I' seems to be much larger (the low-lying energy levels associated
with the diffusion are believed to account for the linear temperature dependence
of the specific heat of these materials and have been observed by infrared absorption
in the case of various glasses (Mon et al 1975)) the authors estimate a UCN loss rate
considerably smaller than observed rates.
T h e possibility of quasi-elastic scattering is what prompted Strelkov and Hetzelt
to undertake their experiment which, as we discussed above, failed to detect any
quasi-elastic scattered neutrons leaving the storage bottle but observed enough
neutrons escaping with energies close to the thermal energy range to account far the
UCN losses.

6.2.3. Surface aibrations and sound waves. If the surface of the

UCN

storage vessel
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is moving due to acoustic vibrations the UCN can exchange energy with the walls
and perhaps gain enough energy to escape from the bottle. If the velocity of the
wall vibrations happens to be vo then the UCN can gain or lose in velocity by 2vo
(directed normal to the wall) and if vo is small compared to the UCN velocity D U C K
the UCN will make a random walk in velocity space, eventually arriving at a velocity
larger than the critical velocity oc and escape from the bottle. After N bounces the
RMS distance in velocity space that the UCN will have moved is - v o d N and setting
this equal to vCrresults in an average number of bounces before loss, C:
(6.9)
so we require vow 10 cm s-1 for p-4 x 10-4, and vcr=5 x 102 cm s-1, and for vibrations of amplitude xo and frequency w , we establish the condition:
1;=

1/pL(ocr/vo)2

wxo c 10

(6.10)

for vibrations to account for the observations. Gerasimov et ckl (1973) have carried
out a detailed calculation of this effect, solving the equation of motion of the UCN
in velocity space as a result of collisions with the vibrating walls. T h e results are
not very different from the results of our simple argument above, whether the interaction with the walls is treated by quantum-mechanical perturbation theory (for
the case when xo is much less than the depth of penetration of the UCN wave into the
material, K-1) or by classical methods for the case Kxo81. T h e authors then
conclude that the background noise in the laboratory cannot possibly produce such
large vibration velocities but that the closing of the UCN valves could possibly produce
large enough vibrations, but the acoustic ringing time of the bottle would have to
be quite long for these to account for the UCN losses. As the anomalies have persisted
in experiments conducted after this paper was written one can assume that the
proper experimental steps were taken to eliminate this possibility.
Frank (1975) showed that a Rayleigh-type surface wave would act as a moving
diffraction grating which could heat UCN to velocities of the order of 105 cm s-1 with
probabilities which might be significant if one assumed the amplitude of the surface
wave was as large as the thickness of a single atomic layer (- 10-8 cm) at a frequency
of w 1013 rad s-1. However, such vibration amplitudes are much larger than can
be excited thermally, as was shown by Ignatovich (1975a) who also showed that
ultrasonic vibrations of o = 1010 rad s-1 would require an amplitude X O W 10-8 cm
to esplain the experimental observations. This is in reasonable agreement with our
estimate (6.10).
N

6.2.4. Possible vibrating clusters in amorphous mateiials. Ignatovich (1975a) has
calculated the UCN loss due to scattering from a collection of loosely bound clusters
of atoms considered as independent oscillators vibrating at frequencies up to about
1010 Hz. If the clusters are about 60-70 A in diameter they can explain the UCN
losses as well as the low-temperature specific hezt ( T ) anomaly for which such a
model was first proposed by Baltes (1973).
However, several other models involving tunnelling states (Anderson et a1
1972, Phillips 1972, Mon et a1 1975) seem to give somewhat better agreement with
the specific heat data as does a niodel by Usha and Kothari (1974) which assumes
the existence of microcrystallites with sizes of about 5-10 A. All these models would
produce rather small energy transfers which presumably would have been detected
in the experiment of Strelkov and Metzelt.
N
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6.2.5. Ejjfects of speculakr rejection on storage time. I n addition to the more fundamental
aspects of the interaction of UCN with surfaces which we discussed above, there is
the possibility that the assumptions leading to equation (6.4) are invalid since that
equation is based on the assumption that the UCN gas is isotropic and the absorption
probability per bounce is averaged over all angles of incidence. As the surfaces
of UCN bottles are usually well polished, the UCN reflection will not be strictly diffuse
but will, in general, be a combination of a rather large specular part with a diffuse
part. Steyerl (197213) and Ignatovich (1973) have calculated in detail the effect of
surface roughness on UCN reflection. Starting from the relation for the fiumber
of CCN remaining in the bottle at time t, N ( t ) :
N i t ) = J” dvJ”N,(Q, t ) d2Q = JJ”N,(O, 52)esp [ - p(G?)vtjl(Q)]d2i2 dv

(6.11)

and assuming a special form for the angular distribution of the reflected neutrons
Hgnatovich (1975b) solved the problem of UCN storage in a sphere and an infinite
cylinder. He showed that if the probability of diffuse reflection is much greater
than the loss probability per bounce, as is always the case, the storage time will
not deviate from (6 6). I n the opposite case, the specular reflection will result in a
non-exponential decay of a complicated form.
~

6.2.6. Pores and sukrface roughness. Porosity in the wall material up to a UCN penetration
depth of 100 A can affect the loss probability of UCN. If the size of the pores is much
smaller than the UCN wavelength the average density of material and hence the UCN
potential V will be reduced. If, in addition, the porosity is a function of distance
from the surface the effective potential might have the form shown in figure l l ( b )
instead of the ideal form shown in figure l l ( a ) and this could increase the UCN losses
because the UCN penetrate further into the material but this can only be a relatively
small effect. On the other hand, if the pores are of the order of a UCN wavelength
or larger the UCN can be trapped in a pore with a consequent increase in loss rate.
As Ignatovich (1974a) has shown there will be a resonance behaviour of the loss rate
when the pore size a satisfies:

ka cos kn+Ka sin ka=O

(6.12)

where k is the incident UCN wavevector and

(6.13)
is the decay constant of the

UCN

wavefunction inside the material and a is the radius

Figure 11. Dependence of effective potential Vagainst depth into a material. (a) ideal material,

(a) material with a density of pores (or hydrogenous impurities) which decreases
with depth. Material boundary is at x = 0.
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of the pore. By assuming a log-normal distribution of pore sizes Ignatovich was
able to show that the absorption probability per bounce:

+

p x PO(1-12Vp In po) x PO(1 138Vp)

(6.14)

where PO is the loss factor in the absence of pores and V , is the fraction of the volume
taken up by pores. T h e last expression holds in the case when po- 10-5 and shows
that a porosity of 10% can produce a factor of ten increase in loss probability. This
porosity can be a problem in some materials but it is difficult to see it accounting
for discrepancies of the order of 102 as observed in some materials.
T h e UCN absorption can also be increased if the reflecting surface deviates from
the ideal smooth plane which is assumed in the elementary theory. If the correlation
length of the surface roughness w is much greater than the UCN wavelength the
surface behaves as a series of smooth planes at varying angles and the only effect
will be the increase of the effective surface area used in equation (6.4) but it is easy
to see that the surface would have to have an extremely bizarre shape to result in
an increase by as much as a factor of 2. I n the opposite extreme W < < A U C N the effect
of surface roughness will be to round off the potential step of the ideal surface as
in figure 1l(b) and this will increase the UCN loss rate since the UCN wave will overlap
a greater number of nuclei before reflection. T h e problem has been studied in
detail by Ignatovich (1973) and Xgnatovich and Luschikov (1975) who treated the
problem by applying perturbation theory to the Schrodinger equation assuming a
Gaussian correlation function for the surface roughness with the result:
p=po

2b2kc2
1+1+ 0.6kcw + (kcw)2

(

(6.15)

-

where Kc = 2-rrjAc= (2mV[ti2)1/2 is the critical wavenumber for UCN reflection and
b is the RMS height variation of the surface roughness. For typical parameters b 50 A,
k c - 10-2 .&-I and taking the worst case w+O we only obtain an increase in UCN
loss of about 25:/,.

6.2.7. Losses due to impurities and surface jilms. While the possibility that impurities
might be responsible for the storage time anomalies occurred to workers in the field
almost immediately (Groshev et a1 1971, Shapiro 1972b) most people rejected this
possibility for two reasons. First, if we rewrite equation (3.7) in the form:

(6.16)

-

where Ni and N are the atomic densities of the impurity and basic material, respectively, we find that we require Ni/N 20% in order to get f x 10-4 in the case
of a c o h x 10 Fermi and o l o s s ~ 5b0 at a wavelength Ao= 10 A, which is a reasonable
figure in the case of hydrogen as an impurity distributed uniformly through the
material. On the other hand, if we assume a surface film of pure hydrogenous
material we require the film thickness to be -50 19 in order to explain the UCN
results. I n the absence of further information it seemed very difficult to accept the
presence of such high impurity concentrations or such thick films even in the rather
poor vacuum conditions (10-LlO-5 Torr) used in all the experiments.
Second, all attempts to find a temperature dependence of the UCN loss rate failed
to produce any evidence of such a dependence, which is very difficult to understand
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as the loss cross section for inelastic scattering should depend on temperature.
If the inelastic scattering is done by a coherent scatterer or a harmonically bound
nucleus the loss cross section will be proportional to the Planck oscillator occupation
number, i.e. proportional to T for large T and proportional to exp (- wo/T) for T
small (with respect to the oscillator frequency W O ) (Ignatovich and Satorov 1977).
For incoherent scattering the behaviour depends on the phonon density of states-a
Debye spectrum gives a T712 dependence for T S OD where OD is the Debye temperature. Common pure materials show cross sections varying as T n where n may be
between 1 and 2 for 102 K 6 T 6 lo3 K. We have already shown (figure 10) the
only published data on the temperature variation of the storage time.
Ignatovich and Stepanov (1974) calculated the effects of a surface film on the
UCN loss rate and showed that a 1 4 A film of CCl4 could account for the observed
losses.
Groshev et al(1976) considered the presence of a 55 fi layer of HzO as a possible
explanation of their results (figure 9) but they were unable to conclude that this
was indeed the cause of the anomalies.
Steyerl and Trustedt (1974) considered that films of hydrogenous materials
( 100 thick) were a good candidate for explaining their results and they suggested
that some of the temperature variation expected in the loss cross section might be
cancelled by the freezing of additional impurities as the bottle was cooled, although
later on Steyerl (1977) seemed to feel that the fact that observed loss rates are almost
independent of material as well as temperature made this unlikely. Golub and
Pendlebury (1974) felt that the experimental evidence was not strong enotzgh to rule
out impurities and suggested that one search for the presence of impurities by methods
which were independent of the UCN experiments.
Blokhintsev and Plaliida (1977) did a detailed calculation of UCN scattering from
phonons and concluded that in order to get loss rates that are as large as those observed
experimentally it is necessary to have an impurity with a large incoherent cross
section and small nuclear mass. Hydrogen satisfies both these requirements. I n
addition, it should be noted that, because of its chemical properties, hydrogen could
be present, to some extent, in the form of hydroxides in the oxide layer which covers
most metals, and perhaps even in glasses.
Blokhintsev and Plalrida (1977) then considered scattering from hydro,Tenous
impurities under two models of binding-strong local binding with a single frequency,
and the opposite limit of a freely diffusing hydrogen ‘gas’ inside the material. Both
cases can give similar results, the latter case giving a very weak T l / z temperature
dependence. TIie authors conclude that a hydrogen concentration of 15-30~o
(in agreement with our rough estimate above) is sufficient to explain the observations.
Ignatovich and Satarov (1977) considered the case where the hydrogen can move
dependence
on the surface as a two-dimensional gas. Their results also show a
of the loss rate but the authors emphasise that the amount of impurity present is
expected to vary with temperature in such a way as to at least partially compensate
the increase of cross section with temperature.
Because of the difficulties associated with UCN experiments Lanford and Golub
(1977) measured the quantity of hydrogen as a function of depth into the material
for various samples prepared and treated as the bottle materials used in the UCN
experiments. T h e measurements are based on the reaction:
N

1

5

+~p+

12C+ 4He + ~ ( 4 . 4 3MeV)
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which shows a very narrow isolated resonance at 6 MeV (Lanford et a1 1976). By
increasing the energy of the incident 15N ions one increases the depth in the material
at which the reaction is resonant since the beam loses energy proportional to the
distance travelled in the medium due to ionisation. T h e results show total hydrogen
contents ranging from 2-5 x 1016 atoms cm-2.
T h e interpretation of these data is complicated by the lack of knowledge of the
chemical form of the hydrogen, but if one assumes the hydrogen is located interstitially in the copper and glass without changing the spacing of the other elementsthis is the most conservative model as the hydrogen is then shielded from the UCN
by the reflecting power of the material-there is more than enough hydrogen to
explain the UCN results.
T h e calculation was based on a uniform surface region containing the hydrogen
and a bulk region. Taking into account the effect of the negative scattering length
of hydrogen on the real part of the potential V , the wavefunction is calculated in
the absence of loss processes which are then calculated from equation (2.10).
In the case of graphite even the assumption of a thin hydrogenous film which
maximises the effect of the hydrogen on the surface cannot account for all of the
observed UCN loss rate. T h e observed temperature variation of the hydrogen content
was such as to compensate for at least some of the temperature dependence of the
loss cross section, so as to leave the expected temperature dependence of the UCN
loss rate consistent with the measurements of figure 10 (Groshev et a1 1976). Measurements of surface hydrogen by a variety of techniques show that many 'technical'
materials contain comparable amounts of hydrogen, perhaps explaining the independence of loss rate on material.
Measurements of total reflection from glass as a function of energy, carried out
with a gravitational spectrometer at Munich, have revealed an energy dependence
which cannot be understood on the basis of a simple potential step function (Herdin
et a1 1977, Scheckenhofer and Steyerl 1977). T h e authors postulate a layer of hydrogenous impurity whose density falls off smoothly with distance from the surface.
I n order to fit the data they require an impurity layer thickness of 70 A, but they
do not quote a figure for the impurity density. T h e principle of such measurements
has been discussed by Golub and Pendlebury (1974).
Thus, we conclude that in view of our present knowledge impurities remain
a prime candidate for the cause of the anomalies and a further generation of experiments involving cryogenic temperatures and ultra-high vacua ( M Hetzelt 1977,
private communication, Golub 1977) and attempts to replace the hydrogen impurities
with deuterium (Luschikov 1977b, Lanford and Golub 1978) are being planned.
N

6.2.8. Possible fundamental limit to the neutron coherence length. I n view of the fact
that UCN loss rates are almost independent of material and appear to be independent
of temperature, people have speculated that there may be some fundamental principle
at work. One suggestion is that there is a maximum fundamental limit to the width
of a neutron wave packet with the result that a neutron wave would always of necessity
have a spread in momentum space. If this spread were comparable to the UCN
critical velocity there would always be some fraction of the UCN wave packet at
momentum above the critical value and this portion of the wavefunction would escape
the walls. Assuming a Gaussian wave packet with a maximum width AXE 300 A
in coordinate space, we would have a minimum width in wavevector (k) space of
3 x 10-3 A-1 which would give a probability of 4 x 10-4 of the wavevector being
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found above the critical wavevector kc- 10-2 A-1. On the other hand, if the wave
packet in coordinate space has an exponential fall-off we get a maximum width
Ax-lO4A.
Ignatovich has considered wave packets with an exponential (Ignatovich 1974b)
and sin x/x (Ignatovich 1977) form in coordinate space and showed that if the width
of the wave packet was ajk one would get a smooth transition from wave optics to
geometrical optics. Since the alterations to the underlying Schrodinger equation
necessary to produce such solutions are so great-involving violations of Galilean
invariance-we must conclude that the present experimental situation is very far
from being certain enough to justify such radical revisions in our thinking. However,
Clarke (1977) has emphasised the importance of this transition from wave to geometrical optics to the formulation of a self-consistent quantum mechanics and has
also mentioned the possibility of some additional terms in the Schrodinger equation
to accomplish this, so we should keep this possibility in mind until some definitive
experiments either confirm or eliminate impurities as the cause of the UCN anomalies.
Sheckenhofer and Steyerl (1977) have interpreted their observations of the
diffraction pattern of UCN with wavelength 1500 A from a ruled grating as showing
that the coherence length of these neutrons cannot be less than 106 8. This seems
to be about four times larger than the value required by Ignatovich (1974a) to account
for the UCN losses but one should probably be cautious before drawing any firm
conclusions from this.
We should also note that wavefunctions in superfluid systems exhibit correlation
lengths which are at least of the order of centimetres (W S Truscott 1977, private
communication).

-

7. Applications of UCN

7.I . Studies of condensed matter-theoretical

remarks

It is a general result of scattering theory that all the physical information that one
can obtain about a complex system from scattering measurements is contained in a
function which depends only on the energy Ro and momentum RQ transferred from
the scattering radiation to the complex system. For a discussion of this with regard
to neutron scattering see Marshall and Lovesey (1971) and Turchin (1965).
Maier-Leibnitz (1966) has shown that for fixed w , Aw, Q, AQ ( A w , AQ are the
experimental uncertainties in w and Q),it is more advantageous to work at long wavelengths if one can use the entire phase space allowed by the kinematic requirements.
10-7 eV (KUCN- 10-2 A-1) one should be able to make
Using UCN with energy
measurements with w and Q of similar values and perhaps A w - 10-8 eV and
A Q 10-3 A-1.
However, there are two other techniques which can provide similar energy
transfer resolutions: the back-scattering spectrometer of Alefeld et at (1969) with
A w - 5 x 10-7 eV and the spin-echo spectrometer of Mezei (1972) which can provide
A W N 10-8 eV, but both these systems are more suitable for measurements at higher Q.
For some cases of slow diffusion in metals and hindered rotations and rotational diffusion in molecular solids where the motions take longer times and the distances involved
are small, this is just what is required (Stiller and Springer 1971). However, in cases
where the structures involved are larger, such as the vortices in type I1 superconductors, scattering from systems near their critical temperature and long-wavelength
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spin waves (Binder 1971, Steyerl 1974) as well as studies of diffusion in liquids and
cooperative motions in crystals formed of large molecules (Golub and Carter 1970,
1971) UCN may offer significant advantages. I n addition, Steyerl (1974, 1977) has
shown that one can obtain the same information from measurements of total cross
sections at low neutron energies as one can obtain from small-angle (low Q) elastic
scattering cross sections without the need for doing measurements as a function of
scattering angle.
A neutron wave propagating through a uniform material will not undergo any
elastic scattering. T h e sole effect of the medium will be to change the neutron wavevector in a way which we have described by means of the uniform potential V (equation
(3.1)). If the material contains any regions large compared to the interatomic spacing
where the density is different from its value in the uniform material the neutron wave
will be elastically scattered. We can calculate the scattering amplitude f(Q) from the
Born approximation as (note the differential scattering cross section dajdsZ = (Q) I 2) :

If

where V is given by equation (3.1) and 6[Na], is the difference between the value
of the product of atomic density and scattering length at the point Y and in the
homogeneous material. From (7.1) we see that for large inhomogeneities it is necessary to go to low Q in order to observe any scattering. Steyerl (1974) has shown
how one can determine details of the shape of the inhomogeneity from the UCN
scattering. We can see from (7.1) that for inhomogeneities of size d the scattering
will be most sensitive to the value of d for Q l/d or sin Os- Xld.
Aside from the last possibility which has been proved experimentally (Steyerl
1974, Lengsfeld and Steyerl 1977) (see next subsection) the above ideas remain
to be carried out in practice. There is also the possibility that one can accelerate
the UCN from a super-thermal source using magnetic fields or the Earth’s gravitational
field to provide the equivalent of a very high-power pulsed reactor at a steady-state
reactor but such a scheme is still far in the future.
T h e potential of the Earth’s gravitational field in combination with the repulsive
potential of a horizontal plate can produce a one-dimensional potential well in which
UCN can be bound. T h e ground state of this well has an energy
10-12 eV and the
UCN in this state rise about 20 pm from the horizontal plate. T h e capture of UCN
into such a nearly macroscopic bound state and the study of their properties represent
an intriguing experimental problem (Luschikov 1977a,b). If the plate is curved and
neutrons with a larger velocity parallel to the plate are used, the centrifugal potential
will act as a stronger gravitational potential, raising the characteristic energy of the
bound states of the system.

-
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7.2. Studies of condensed matter-experiments
T h e usefulness of very cold neutrons for measuring nuclear absorption cross
sections has been emphasised by Steyerl (1974). At low neutron energies there is
no Bragg scattering and elastic scattering which is independent of neutron velocity v
becomes negligible since the absorption cross section is proportional to l/v.
Inelastic scattering from thermal excitations which is also proportional to 1/v
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can be eliminated by cooling the sample and its temperature dependence yields
information as to the phonon spectrum in the material.
Due to the interaction with the nuclei in the material a neutron with kinetic
energy E in vacuum will have a kinetic energy E‘ inside the material :

and the absorption and inelastic scattering cross sections, in fact, are proportional
to 1,’~’as shown by Gurevich and Nemirovskii (1962) and proved experimentally
by Steyerl and Vonach (1972). These latter authors measured absorption cross
sections for gold, aluminium and copper and glass, mica and air, and obtained a
value for the Debye temperature of aluminium from the temperature dependence
of the inelastic scattering. Dilg and Mannhart (1974) reported similar measurements
at increased accuracy (better than 1%). Bates and Roy (1974) showed that by using
the large values of absorption cross section obtained at low neutron energies one
can extend the range of neutron radiography to a wider range of materials and sample
thicknesses.
Steyerl (l972b) measured the transmission through thin films ( 600 A) of
carbon and gold and obtained evidence for the interference effects expected from
theory. The theory of these experiments is just the quantum mechanics of one-dimensional potential barriers, well known by all beginning quantum-mechanics students,
and these experiments bring the problem of tunnelling through a one-dimensional
potential barrier to life in an almost macroscopic situation. Measurements on a
2680 A gold foil on a glass substrate exhibit the interference effects in a more striking
manner (Scheckenhofer and Steyerl 1977, Herdin et a1 1977). While the theory is
basically simple, corrections for surface roughness, the presence of the substrate
and instrumental resolution are necessary in order to fit the data.
There is a possibility of extending these measurements to the case of timedependent potential barriers, perhaps by using magnetic barriers, which would
allow the checking of the time-dependent Schrodinger equation at a much finer
level of detail than is possible with other techniques (Gerasimov and Kazarnovskii
1976). It may be possible to trace in detail the transition from the pure quantummechanical case to the classical case and this may be able to shed some light on the
problem of measurement in quantum mechanics. Clarke (1977)) among others,
has noted the importance of this transition for efforts to construct a self-consistent
theory of measurement in quantum mechanics.
Steyerl (1974) has shown that in some substances the total cross section deviates
from the 11.’ law due to scattering from inhomogeneities (discussed above) and that
the energy dependence of the total cross section can give the same information
as to inhomogeneity size and shape as small-angle x-ray and neutron scattering.
Measurements o n an aluminium-zinc alloy show clearly the appearance of inhomogeneities after precipitation and the size and density of the inhomogeneities determined
in this way agree with earlier results from x-ray scattering.
Lengsfeld and Steyerl (1977) have measured the scattering on a colloidal suspension of Si02 spheres with known diameter (130-140,k) and thus demonstrated
the accuracy of the method. The domain pattern in a ferromagnetic material can
also be considered as an inhomogeneous structure for scattering neutrons by means
of the magnetic interaction (equation (2.11)). By analysing the energy dependence
of the total cross section Lermer and Steyerl (1976) showed that one can measure
N
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the domain size as well as the domain wall thickness, deep inside the material, the
latter information not being obtainable by any other method.
By making use of the parabolic trajectories of neutrons in the Earth’s gravitational
field, as well as the property of total reflection from material surfaces, Steyerl has
constructed (Herdin et a1 1977, Schekenhofer and Steyerl 1977) a delightful spectrometer for UCN. T h e UCN produced by the neutron turbine enter the spectrometer
with a horizontal velocity of 3 m s-1. They then fall 50-80 cm, thereby gaining
energy (10-7 eV m-1) in the Earth’s gravitational field and are reflected by a vertical,
a horizontal and a second vertical mirror. They then lose energy as they rise in
height, finally exiting the apparatus in a horizontal direction (figure 12), the whole
setup having the appearance of a billiard game. T h e instrument has an energy
resolution of 3 nV and thus should be capable of some very high-resolution energy
N
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Figure 12. The

UCN gravity spectrometer at Munich (Herdin et aE 1977, Scheckenhofer and
Steyerl 1977).

transfer studies. T o date the authors have demonstrated the diffraction of UCN
from a mechanically ruled grating, found evidence for impurities on glass surfaces
(see above) and demonstrated very well-defined interference fringes in the UCN
transmission through a thin film.

7.3. The electric dipole moment of the neutron
When we talk about a given particle possessing an electric dipole moment
we are talking about the existence of an interaction:

(EDM)

e x .E
(7-3)
where E is an applied electric field, e is the charge on an electron, and x, the ‘electric
dipole length’, characterises the strength of the EDM (ex) and represents the displacement between the centre of charge and centre of mass of the particle. According to
HEDM
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the Wigner-Eckhart theorem the expectation values of all vectors must be parallel
to the angular momentum expectation values. Classically we can say that the system
is rotating about its angular momentum vector and any vector components perpendicular to the angular momentum average to zero, i.e.:

x=yJ
(7.4)
where J is the spin angular momentum of the particle.
Under the operation of parity inversion ( P ) , i.e. the change of sign of all spatial
coordinates we have J-t J and x-t --x so a state with x and J parallel transforms
under parity into a state with these two vectors antiparallel. If the laws of physics
are unchanged by parity inversion these two states must be degenerate. However,
we know from nuclear and molecular physics that only one nucleon can occupy a
given quantum state at a time while if this degeneracy existed we would be able to
place two neutrons in a given quantum state according to the Pauli principle, Thus,
the only way we can expect a non-zero EDM is if the laws of physics are not invariant
to a parity inversion (non-conservation of parity).
Now the non-conservation of parity, first predicted by Lee and Yang (1956))
is well established experimentally (Wu et a1 1957, Garwin et al 1957) and is now
readily accommodated by all theories of the weak interaction. However, Landau
(1957) pointcd out that a non-zero EDM would violate time reversal invariance (T) as
well. Under T inversion x-+x and J+ - J and the above argument then applies.
Time reversal symmetry refers to the fact that all the microscopic laws of physics
are reversible in time. A cinC film of a particular motion of a group of particles
which is allowed by physical laws would still represent an allowed motion even if it
were run in reverse. T h e violation of this principle in our everyday world (e.g. a
film of a glass falling on the floor and breaking is absurd when viewed backwards)
is a consequence of the statistical behaviour of the large number of particles involved.
Figure 13 explains this point. While this is accepted by the majority of physicists
see Leggett (1977) for an opposing view. Ramsey (1958) emphasised the need for
experimental checks of time reversal symmetry. Christensen et al(1964) discovered
the violation of CP ( C is the operation of charge conjugation) in the decay OS the
neutral K meson. According to the CPT theorem (Luders 1957) this implies the
violation of T as well. There has been a very large amount of theoretical work on
the possible sources of the CP violation in K mesons as well as predictions of CP
and T violation in other systems. It seems that the neutron EDM represents the
best chance of seeing the manifestations of this efiect in another system and in the
words of Pais and Primack (1973) ‘every improvement of the measurements will
provide even more significant and severe constraints on theoretical developments’.
Golub and Pendlebury (1972) have reviewed the earlier theoretical developments
and Dress et a1 (1977) discuss the more recent ones. Currently, the most favoured
models are those involving spontaneous T violation (Lee 1974) and the unified
theories of the weak and electromagnetic interactions (Weinberg 1976, Lee and
Weinberg 1977) which predict neutron EDM in the range of 10-24 e cm while Deshpande and Ma (1976) show that these theories can be compatible with somewhat
smaller EDM. T h e superweak theory of Wolfenstein (1964, 1974) predicts a neutron
EDM less than 10-29 e cm and the search for a neutron EDM may be the only way
to distinguish between these various theories. T h e current best experimental limits
for the neutron EDM are 3 x 10-24 e cm (Dress et al 1977) obtained with a beam
resonance method and a similar value obtained using UCN (Altarev et al 1977).
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Figure 13. (a) shows the situation immediately preceding a collision between particle 1
moving with velocity U and particle 2 at rest. (b) is the situation immediately
after the collision when the particles move with velocities ui and u2 respectively.
In (c) we see the situation of (b) viewed from a reversed cinema film. ( d ) is the
‘time reversed’ state of (a). This ‘reversed’ behaviour, while compatible with the
laws of physics, would seem strange if observed with real particles because of the
precision necessary in setting up the conditions to achieve the result ( d ) . Extending the argument to collisions involving three or more particles, we begin to
see how the irreversibility of phenomena in our everyday world can be understood
as a result of the statistical behaviour of large numbers of particles.

The ultimate experimental accuracy of a given experiment follows from the
uncertainty principle. The uncertainty in measuring the interaction (7.12) results
in :
e( &)ET 2 A
(7.5)
where 7 is the observation time on a single neutron and Sx is the uncertainty in
dipole length x. By repeating the measurement on a larger number, N , of neutrons
the uncertainty is reduced to :

where I is the throughput of neutrons per second and T is the total measuring time.

G=ET I l l 2

(7 7)

represents a figure of merit by which one can compare various experiments (Golub
and Pendlebury 1972). Shapiro (1968) first emphasised the virtues of stored UCN for
the search for a neutron EDM at about the same time that his group (Luschikov et a1
1969) and Steyerl (1969) first observed ultra-cold neutrons. Okun (1969) then
re-emphasised the importance of the UCN observations for the neutron EDM search as
well as for an accurate measurement of the neutron’s lifetime.
For an experiment using storage of UCN in a closed vessel in which the neutrons
subject to an applied electric field undergo a magnetic resonance we obtain G- 107 so
we expect Sx- 10-26 cm for several months’ running time. Several groups have
such experiments in advanced stages of preparation (Taran 1973, Egorov et al 1975,
Byrne et aZl975). The Leningrad group using the apparatus sketched in figure 14 (the
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Figure 14. General view of the apparatus for the search for a neutron electric dipole moment
built at Leningrad (from Egorov et al 1975).
UCN storage chamber can be seen in the centre of the magnetic shield and coil assembly
located at the output of a vertical UCN source) has obtained a magnetic resonance
curve whose width is in good agreement with that expected from the parameters of
the apparatus (Egorov et al 1975), and subsequently obtained a preliminary result
for the neutron EDM of 1.2 & 0.95 x 10-24 cm (Altarev et al 1977).
I n addition to the improvement in statistical accuracy (larger G) achievable by
using UCN, this method has a further important advantage over the other existing
methods for the neutron EDM search. A neutron moving in an electric field will see a
motional magnetic field given by:
V

Bm=- X E

(7 8)

C

which will interact with the neutron's magnetic moment, resulting in an interaction
energy (Sandars and Lipworth 1964):

U,=

- p . Bm= - p.- 2C, x E

2,

( p x E).-.
C

(7.9)

I n the presence of a magnetic field Bo, p will be parallel to BOso that:

U,

I:;

=

( B x E ) . -2,
C

(7. lo)

and so for E and B not parallel this interaction will have the same dependence on E as
the sought-for interaction (7.3). This interaction Um is a major source of uncertainty
in neutron beam experiments (Dress et a1 1977) due to the difficulties associated
with keeping E and B parallel over a large region and with reversing the direction
of v which the authors did to try to measure U,. When stored UCN are used to

481

Ultra-cold neutrons

search for an EDM the motional magnetic field U , is virtually eliminated since t )
is so small and it is averaged to an even smaller value by virtue of the many changes
in direction of motion which the UCN undergo at each wall collision (Golub and
Pendlebury 1972).

7.4. The neutron lifetime
T h e only strangeness-zero elementary particles undergoing P-decay are the
T meson and the neutron.
In a recent data compilation (Particle Data
Group 1976) the lifetimes of these particles are given as follows:
p meson,

Neutron

918 (1 & 1.5 x 10-2) s

p meson

2.197 134 x 10-6 (1 & 3.5 x 10-5) s

T

meson

2.603 x 10-8 (1 9 x 10-4)

S.

At first sight it may seem strange that the lifetime of the neutron, which provides
about half the mass of ourselves and surroundings, should be so poorly known
in comparison with that of the less ubiquitous mesons. There are two reasons for
this. I n order to observe neutron decay it is necessary to free the neutrons from
the nuciei in which they are bound, a process which requires a nuclear reactor or
particle accelerator comparable to what is required to produce the mesons. Secondly,
and most important, the neutron has no charge, which means the track of a neutron
cannot be detected by ionisation as with the charged mesons. Essentially the only
way to detect a slow neutron is to have it absorbed into a nucleus. Thus all determinations of the neutron lifetime to date have relied on separate measurements of
the density of neutrons in the beam, as well as detection of the total number of
decays per second in a given volume of the beam by measuring the rate of production
of either the protons or electrons produced in the decay. Thus, the measurement
requires the knowledge of the absolute efficiency of both a neutron detector and a
charged particle detector. Dificulties in carrying out the calibrations of these detectors
lead to the relatively large uncertainty in the neutron lifetime. Byrne (1970) and
Erozolimskii (1975) have given general reviews of the neutron ,&decay problem. T h e
most recent measurement is that reported by Christensen et al(1972).
An accurate determination of the neutron ,&decay lifetime would allow a more
accurate determination of the weak interaction constants appearing in the theory
of P-decay, which are determined by a fit to a large number of measurements of
P-decays of elementary particles and nuclei. There would also be an improvement
to our knowledge of radiative corrections to the nuclear decays. T h e knowledge
of several important parameters is currently limited by the 1% accuracy of the
neutron P-decay lifetime. Blin-Stoyle (1973) and Kropf and Paul (1974) give a
comprehensive discussion of this question.
Stored ultra-cold neutrons offer a way past the difficulties associated with the
beam measurements. With stored neutrons the measurements can be carried out
with a single detector either for the neutrons or the decay products. However, with
stored neutrons one must be sure that there are no processes which can lead to
the neutrons leaving the storage vessel except the P-decay itself or that the rate of all
such processes is small enough so as not to affect the results.
In principle, the storage of UCN in material bottles could be used for this measurement, e.g. a beryllium bottle with radius 50 cm cooled to 100 K has a theoretical
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storage time due to wall losses of 105 s. If this could be determined to an accuracy
of 10% by varying the temperatures and size of the bottle, one could measure the
@-decay lifetime to O.lyo,a factor of ten improvement over present experiments.
The total storage time T in a given bottle is given by:
N

(7.11)
where the sum is over all processes contributing to the loss of neutrons in the bottle,
including @-decay.
ils discussed in detail above, the storage time measured in material bottles are
much shorter than expected theoretically, This means that until further progress
is made on this question material bottles are not suitable for an accurate measurement
of the neutron lifetime. Fortunately there is the possibility of confining the neutrons
by means of their magnetic interactions (discussed in $2.2) in such a way that the
neutrons do not come into contact with any material surfaces.
This possibility was suggested by Vladimirskii (1961) who discussed various
field configurations suitable €or the confinement of neutrons. A series of straight,
parallel, closely spaced conductors lying on a plane would form a reflecting wall
for neutrons with spin parallel (magnetic moment antiparallel) to the magnetic
field as this state is repelled from the regions where the magnetic field is strong.
For low enough energies gravity would confine the neutrons to a region just above
the wail (Ignatovich and Terekhov 1976a). A cylindrical. multipole field, produced
by arranging a series of straight conductors around a cylinder parallel to its axis,
would confine the neutrons in the vicinity of the axis. Bending the cylinder to form
a torus would produce a closed region suitable for storing neutrons. T h e idea of
using such multipole fields to focus neutrons was discussed by Friedberg and Paul
(1950) and by others (see Ramsey (1956) for a review of this work). There is also
the possibility of producing a spherical magnetic bottle by three coils arranged as
shown in figure 15. T h e torus offers the possibility of storing neutrons with a relatively large component of velocity in the axial direction of the multipole but one
must be certain that the field does not contain any imperfections which could cause
a transfer of energy from the motion in the axial direction to the transverse direction
as this would result in a loss of neutrons over the potential barrier produced by
the multipole field. This last possibility does not exist in the spherical bottle as
in that case only neutrons with a total energy less than I p. B,,, I are stored.

*e

____---

*------------

Figure 15. A spherical magnetic bottle generated by three current loops (from Martin

1974).
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Of the multipole fields the hexapole is the most suitable for storing neutrons
since in this case the magnitude of magnetic field I BI ccr2 and there is a force which
increases linearly with distance from the centre. T h e motion consists of harmonic
oscillations and can be treated by well-known methods, either classical or quantum
mechanical. Expressions for the hexapole field including the effect of bending the
conductors to form a torus are given by Heer (1963).
T h e principle of magnetic storage is based on the assumption that the projection
of neutron spin along the field direction stays fixed as the neutron moves through
an inhomogeneous field (adiabatic case). T h e probability of the breakdown of
this condition (non-adiabatic transitions) was first discussed by Rabi (1936) and
Schwinger (1937).
When the field seen by the neutron rotates, the transition probability is given
by :
p S(L./WL)2
(7.12)
in half a Larmor period where w is the angular rotation velocity of the field (seen
in the rest frame of the neutron) and O>L= p.. B/h is the Larmor frequency. If the
neutron passes close to a region (such as the centre of the hexapole) where the field
goes to zero the transition probability is given by:
p=exp

------I

( 2

P-Bmin x
A
v

(7.13)

where x is the distance of closest approach to the point where B=O and Bmin is the
value of the Seld at the point of closest approach.
Matora (1973a’ b) pointed out that for a hexapole the magnetic-field direction
is constant along any straight line through the origin so the spin-flip probability
for such trajectories should be identically zero. By means of a quantum-mechanical
calcalation (but treating the neutron trajectories classically) Matora (1973b) confirmed
this.
fgnatovich ( 1 9 7 4 ~ )treated the problem entirely quantum mechanically and
showed that states with orbital angular momentum mh = 0 are absolutely stable
in agreement with Matora’s result, but for states with small non-zero angular momentum the lifetime is very short (10-1 s).
Classically these states correspond to trajectories going near but not through the
zero-field point. For these trajectories the field direction does vary and so Matora’s
argument does not apply. For higher-energy orbits the lifetimes are also very short
if the quantum numbers satisfy:
m3 < n2
(7.14)
where n is a principal quantum number such that the energy of a state is:

E = (2n + m)huo

(7.15)

with W O the frequency of oscillation of the harmonic motion in the hexapole field.
-A similar result can be obtained classically based on equation (7.12). One can
also show that the fraction of the phase space associated with orbits satisfying (7.14)
is very small ( - 10-4-10-5). Ignatovich also showed that the Earth’s gravitational
field can mix states of high angular momentum with short-lived states of low angular
momentum but the resulting loss rate is very small. However, the centrifugal potential
associated with the bending of the hexapole into a torus might also cause a similar
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but larger effect, producing a storage time of lo4 s if we use the results of Ignatovich's calculation. This last problem has not received any discussion in the literature
but the effect can undoubtedly be eliminated by the presence of a constant axial
field of small magnitude which will remove the point of zero field.
These ideas have been put into practice by Martin et a1 (1971, 1974) who have
constructed both a superconducting spherical bottle and a superconducting hexapole
torus, with several unique features. T h e inner pair of conductors is eliminated
(figure 16) as it is unnecessary, the neutrons being prevented from travelling too
far to the left by the centrifugal potential. In addition, the two conductors in the
corners are split so as to produce a decapole field component which means that
the oscillation frequency will be a function of oscillation amplitude and this should
reduce the probability of energy transfer from the tangential to the transverse motions.
However, these decapole terms might also cause a transfer to low angular momentum
states. Experiments with this torus at the Institut Laue-Langevin in Grenoble,
France, have shown that the systcm is capable of storing neutrons for times longer
than the /%decay lifetime (Paul 1977, Kugler et a1 1978). We have every reason to
expect further exciting results from this bold experiment.
Kosvintsev et a1 (197613) have shown that the fringing field of a solenoid can
reflect neutrons with a probability as good as a copper surface if one takes care to
avoid zero-field regions by superimposing a constant guide field.
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Figure 16. The configuration of superconducting coils which produce the toroidal magnetic
storage system for UCN (from Martin et al 1974).
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Following a suggestion of Vladimirskii (1961), Ignatovich and Pokotilovski (1976)
have studied the storage of UCN in the magnetic field produced by a straight conductor. T h e centrifugal potential can prevent the neutrons from hitting the conductor
for the correct initial conditions. However, we must wait to see if this idea has any
practical applications.

8. Neutron guides for UCN
8.1. General remarks
Neutron guides which were pioneered by Maier-Leibnitz and Springer (1963)
are practically essential for the handling of UCN. They are used, for example, to
transport UCN from the source, which may be a converter in the thermal flux of a
reactor core, out through the biological shielding to suitable sites for experiments, a
distance which may be anything from 4-15 m. (Guides for merely cold neutrons
may be even longer, up to 150 m.)
A second important function of guides is to filter out UCN from faster neutrons
and other unwanted radiations by exploiting the fact that only UCN can be efficiently
transported round bends in the guides. T h e effects of the force of gravity on the
neutrons in vertical and inclined guides can also be used to select and transform
velocities.
A third function is to transport neutrons from one part of an experiment to
another, such as from a polarisation analyser to a neutron detector. T h e first and
last of these uses are connected with the fact that we are frequently interested in
working with neutron currents having a wide angular spread of velocities. At low
velocities, guides make this possible without the inconveniently rapid lateral spreading
which would occur in unconstrained free flight. Steyerl (1977) gives an excellent
account, with diagrams, of the ways in which guides, some vertical and some horizontal, have been employed in various installations around the world. We simply
add to this by referring to the new installations at the Leningrad Institute of Nuclear
Physics (Altarev et al 1976) and at the High Flux Reactor in Grenoble (Ageron
et a1 1977).
For the job of transporting neutrons with a minimum of losses practical guides
suffer from a variety of imperfections which the constructor must strive to reduce
as far as possible. One thing which can usually be reduced to a quite negligible
level is loss of neutrons due to absorption and inelastic scattering on gas molecules in
the guide space. T h e space must be evacuated, and for guides of a few metres in
length the partial pressure of nitrogen must be kept below 0.1 Torr, and that of
water vapour below 0.01 Torr. It should be mentioned, however, that the vacuum
system may have to satisfy more stringent requirements to maintain sufficient surface
cleanliness and to avoid radiation-induced corrosion. For these reasons guide tubes
are usually kept as free as possible of hydrogenous substances and the total residual
gas pressures are frequently maintained at 10-4 Torr or less.
Problems due to lack of perfection in the guide tube surfaces lead to substantial
losses of neutrons in even the most recent of installations. T h e losses result from
several different mechanisms. When dealing with neutrons which have a velocity v
which is greater than the critical velocity vc for the guide tube wall, two of the most
important loss mechanisms depend on the fact that these neutrons have a critical
angle for total reflection. First of all, lack of smoothness on a microscopic scale
31
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leads to a finite probability of non-specular reflection. This, in turn, can lead to
the neutron striking the wall subsequently at an angle greater than the critical angle,
causing it to pass into the wall. Similarly, unintended tilts and waves in the surface
on a macroscopic scale may, even though the reflection is in a local sense specular,
cause the critical angle to be exceeded in a future collision. These two mechanisms
have been discussed in detail by Steyerl (1972a, c). For copper, and for stainlesssteel surfaces, which have each been both mechanically and electrolytically polished,
the probability 0f loss at each reflection due to these processes is of the order of a
few per cent (Steyerl 1972a, c, Taylor 1975, P Ageron 1976, private communication),
The neutron current is likely to be reduced by about a factor of 3 or more in traversing
5 m of guide 6 cm in diameter. Other things specific to neutrons with v > vc are
that any gaps in the wall, such as those required to provide pumping for the vacuum,
will lead to almost certain loss of those neutrons which would have been incident
on the missing wall, and secondly, any increase in the guide cross section, part way
along, is liable to result in a dilution of the neutron density in phase space which it is
usually impossible to reverse.
For neutrons with v < vc non-specular reflections are still of some significance,
although there is no longer any question of exceeding a critical angle. Large random
changes of direction of neutron velocities are a nuisance, causing many neutrons to
return to the source without ever reaching their destination.
Another loss mechanism is that due to absorption or inelastic scattering on
reflection at the wall. This is discussed in detail in 96. Provided the neutrons are
incident at less than the critical angle this process is much the same for both v less
than, and U greater than vc. Experiments on neutron bottles, where this is thought
to be the dominant loss mechanism, hzve shown that the probability of loss per
reflection is of the order of O-lyefor surfaces of electropolished copper, electropolished
stainless steel, and glass coated with nickel, which are some of the most frequently
used materials for guides.
T o summarise, we might say that for neutrons with v > v C the most important
losses are those due to exceeding the critical angle after non-specular reflection;
for the transmission of neutrons through guides with U < vc, the losses due to nonspecular reflection, and to absorption and inelastic scattering n a y be comparable;
and for neutrons in material bottles the absorption and inelastic scattering are thought
to be the dominant process. This statement concerning the faster neutrons assumes
current state-of-the-art surface qualities with reasonable care being taken to avoid
surface contamination. If there is, for example, an average surface covering of
5 0 0 a thickness of hydrogenous material, due to pump oil or accumulated organic
dust, this could make the absorption and inelastic scattering losses for neutrons with
v > vc as large as those due to surface roughness.
Several UCN sources have vertical or inclined guides followed by horizontal
sections (Lobashev et a1 1973, Egorov et a1 1974, Ageron et a1 1977). I n this case
neutrons may have v > v c in the lower parts of the guides and then v<vc in higher
parts.

8.2. Timasmission of UCN through horizontal guides
8.2.1. Molecular flow and difSusion theory. T h e application of diffusion theory to
the analysis of the flow of UCN through horizontal guides was begun by Luschikov
et a1 (1968) and continued by Groshev et a1 (1971).
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Two features of the neutron flow which are of particular interest are the effect
of non-specular reflection and the disappearance of neutrons due to absorption,
inelastic scattering and neutron P-decay. T h e problem has much in common with
the classic one of the molecular flow of gases through tubes, a subject reviewed by
Steckelmacher (1966). T h e main differences are that specular reflection has a low
probability for gas molecules whereas it is often 90% or more for neutrons and,
except where condensation is taking place, there will not usually be any loss of gas
molecules other than through the ends of the tube.
We shall restrict this discussion mainly to round guide tubes having a length
Z and a radius R. From the work of Steckelmacher (1978) we expect the results for
square section guides with the same length and area of cross section to be very
similar. The axis of the tube will be the x axis and the entrance aperture at a=O
will be illuminated by neutrons having a density n(0) and an isotropic angular distribution of velocities. It follows that the total cuxent of neutrons entering the tube,
J+(Q),is given by the expression:

where At is the area of the tube cross section. Alternatively the flow rate
the entrance in volume units per second is given by:
U0 = 45.At

U0

into

(8.2)

and U0 is called the conductance of the entrance aperture.
I t is worth noting a considerable difference in magnitudes between UCN and
gases due to the large difference in their mean velocities. Equation (8.2) corresponds
to I1 litre cm-2 s-1 for the flow density of air at room temperature, whilst for UCN
with 0 = 5 m s-1, the flow density is 0.125 litre cm-2 s-1. This low rate has significant consequences. Considering one of the largest neutron bottles which has
been used to date, with a volume of 340 litres (Rosvintsev et a1 1977), then, even if
there was no other impedance to the flow of neutrons besides the entrance aperture
with a radius of 4 cm, the input flow rate of neutrons of 6.3 litre 8-1 would cause
the filling time constant, in the absence of wall losses, to be 54 s.
Once the neutrons have entered the tube we are interested in the probability,
W , that they will leave at the far end. Although it is not very typical for UCN it
is worth beginning with the case of completely diffuse reflection commonly observed
for gas molecules. At each reflection the particle leaves the surface into a small
solid angle dQ at an angle 0 to the normal with a probability which is proportional
to cos BdQ and independent of the angle of incidence. Knudsen (1909) obtained the
expression :
W = 8R/3Z
(8.3)
valid in the limit of very large ratios Z/R (see also Kennard 1938, D e Marcus 1961).
T h e output current J + ( Z )is now given by the expression:
and the conductance

U1 for

the tube is given by:

U1= &ZAt(SR/32>.
(8.5)
For short tubes the probability given by equation (8.3) approaches infinity rather
than 1. Dushman (1922) suggested that the tube should be regarded as having an
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impedance which was the sum of a part due to the length and a part due to an aperture
with an area equal to that of the tube cross section. T h e conductance of the tube
is then given by Ut where:
1
1
1

ut - U0 +-U1

and the transmission probability W is replaced by Wt, where:

Wt=-8R
3 Z ( 1+-8R
3 2 ) -1 = ( I + @3 )2

-1
*

(8.7)

This is a rather rough argument and more detailed calculations by Clausing (1932))
De Marcus (1961) and Rerman (1965) show that equation (8.7) gives small errors
which reach a maxinium magnitude corresponding to about +12% in the region
of Z/R1:4. It has a close connection with the results obtained by diffusion theory
described below.
In the restricted case where neutrons can only be lost through the entrance
and exit apertures, we write for the total net current J ( z ) crossing the plane at a
particular value of z as:

where D is the diffusion coefieient. Solving this equation for an open-ended tube
with the boundary conditions that there is a given n(0) and that:

J(Z>=J@=n(Z)&4t
and setting Wt=J+(Z)/J+(O),leads exactly to the Dushman result given by equation
(8.7) provided that the diffusion coefficient D is expressed as:

D = 2RE/3.

(8 * 9

T o put these results into perspective it is worth recalling the small errors in the
Dushman result. Also the particles leaving the tube are known, from the work of
Clausing and others, to have an angular distribution of velocities which is peaked
in the axial direction, so that taking the boundary condition of the output, in the
way above, is not quite correct.
Going on to the case where neutrons may be lost from within the tube, it is
convenient to introduce the mean lifetime T for neutrons, and to relate it to the vsrious
loss processes by the equation:
7-1 = T8-1

+ + ci N p-l -o s s ( i ) U

(8.10)

where r is the rate of making wall collisions, p is the probability of loss in each collision,
is the number density of residual gas atoms of species i, crloSs(i) is the
neutron loss cross section for those atoms, and U is the neutron velocity. With the
exception of i?Ji all these quantities depend on U ; p also depends on the angle of
incidence. For guide tubes with 8 - 3 cm, T might be typically 10-20 s.
T h e diffusion length L can now be obtained from the relation:

L'= DT

(8.11)
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and the time-dependent neutron density n(a, t ) is taken to be a solution of the diffusion
equation :
8% - n 1 an
_-(8.12)
ax2

+--.

LZ D at

I n steady flow conditions n depends only on z and satisfies the equation:

(8.13)
Using a theory of this type, Groshev et a1 (1971) find that, for the stationary
flow through a straight tube of length Z with a neutron detector of area Ad and
a perfect absorber of area A , both occupying part of the output plane whilst the
rest is a good reflector, the current into the detector J d is given by the expression:

Here again it has been assumed that the velocity distribution of neutrons incident
on the detector is isotropic. We also note that, if there is a high current because
the area of the detector is large, the forward peaking of the angular distribution
will affect the values of T , the wall collision rate, causing it to be a function of a.
I n spite of these limitations, the approach is still very useful for giving an approximate description of the neutron flow. It is worth mentioning that in the limit
T+CO
(and therefore also L-tco) and with a detector which covers the whole of
the end of the tube (&=At) equation (8.14) reduces to the Dushman result of
equation ( 8 . 7 ) .
Groshev et a1 (1971) made experimental measurements on chemically polished
copper tubes. They did not mention any mechanical preparation. They obtained
a diEusion length L=4.7 (1) m for tubes with a radius R=47 mm. With their
estimated mean velocity a=4.8 m s-1 they obtained from measurements of y and L ,
the value 0 = 1 * 7 (2) m2 s-1. This exceeded the prediction for D from equation
(8,9) by the large factor of 11.5 ?1: 1.5 and was interpreted as evidence for a strong
element of specular reflection. Their values of E and D,when inserted in equation
(8. l l ) , yielded a mean neutron lifetime in the tubes of T = 1 3 . 0 ~1.5 s which was
consistent with more direct measurements which they made using a neutron bottle.
A model in which particles, when incident on the wall, have a probability equal
to (1-f) of specular reflection and a probability, equal to f,of completely diffuse
reflection has also received some attention from theorists in the field of molecular
flow. Von Smoluchowski (1910) obtained, for the probability of passage through a
long tube, the expression:

(8.15)
I n the case f = 1, this expression becomes the same as equation (8.3). De Marcus
(1961) obtained an expression for W in terms of a combination of integrals and
tabulated numerical results for some sample values off and Z/R. Instead of these
more precise results, we can apply the Dushman argument as before and obtain the
equation:

(8.16)
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where the enhancement factor jl is given by:

B = (2 -f >if-

(8.17)

T h e diffusion theory can be applied as before with an enhanced diffusion coefficient:

D =2RG,B/3

(3.18)

and a diffusion length which is enhanced by a factor of p112. Again, in the limit that
r+ CO, the solutions to the difiusion equation for the probability of transmission
through an open-ended tube reduce to the form of equation (8.16). Bearing in
mind the approximate nature of these results for short tubes it is worth making the
general point that, with values of /3 which are frequently a s high as 10, even a guide
with Z[R= 30 has Z/(RpjN 3, which is in a sense a short guide with significant end
effects.
In diffusion theory, as applied above, it is usual for the density n(z) to represent
neutrons with an almost isotropic distribution of velocities. For a tube with Wt not
much less than 1, which is quite likely for a polished guide about a metre long and
open at the end, the current J-(x) of neutrons travelling in the negative x direction
may never be more than a small fraction of J(x). This implies a large difference
between the two half-spaces of the velocity distribution. Frank (1976) has used an
approach in which the forward and backward parts of the current are distinguished
throughout. I n the case T = CO he obtains:
dJ+/dz a(J- - J+)

dJ-/dx = a(J- - J+)

(8.19)

where adz; is the ensemble average over the neutrons of the current for the probability
of scattering from one current to the other in a distance dz. T h e solutions for an
open-ended tube with an incident current J+(O) are:

The corresponding expression for the transmission probability is :

wt= J+(Z>/J+(O)
= (1 i-aZ)-1.

(8.21)

Approximations are still evident: a, for example, must be a slowly varying function
of x since the angular distribution of velocities in the current changes with x. However, the method has the advantage of giving explicit solutions for both J+(x) and
J-(z) (see figure 17).
Before leaving diffusion theory it should be mentioned that time-dependent
solutions are also of interest as, for example, when a section of apparatus is full
of UCN and a valve is opened allowing them to flow into an empty guide. Ignatovich
and Terekov (1977) have used the solutions of the non-stationary equation (8.12)
to explain the time-dependent data shown by Lobashev et nl (1973) and Egorov
et aZ(1974).

8.2.2. More realistic scattering laws and Monte Carlo calculations. A surface which
was interrupted by apertures into deep cavernous pot-holes, and which was perfectly
flat in between, might come close to producing the simple reflection law just considered. T h e parameter f would just be the proportion of the surface occupied
by the apertures. Etch pits, which tend to form at grain boundaries 2nd at impurity
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Figure 17. Forward current J+(z)and return current J - ( 2 ) as given by the two-flow theory
for a round tube with a given value of J+(O), and with an open end at z = Z in
the case EZ =0-6.

grains in the electropolishing process, might well introduce some of this character
into the reflection.
Steyerl (1972a) has given a theory for scattering from quite a different kind
of surface, one which has small undulations on a microscopic scale. He finds that
the probability of scattering into a small solid angle d Q in a direction with coordinates
(8, 4)after being incident along a direction with coordinates (Bo, T) is given by the
expression:

2 k 4 ~ 2 b 2COS Bo COS B exp
dQ T

(-

k:2
~

(sin2 eo+sin2 0-2 sin Bo sin

e cos 4) (8.22)

)

where k is the neutron wavevector, w is the correlation length for the surface roughness
function assumed to be Gaussian, and b is the RMS height of the roughness. For the
perturbation method used to remain valid a number of conditions must be satisfied
including Zbk, 5 1. This restricts the theory to highly polished surfaces with b 5 50
such as mechanically and electrolytically polished copper (b N 35 8, w 1:250 A) and
polished glass coated with nickel (Steyerl 1972a).
For short correlation lengths with w2k2< 1 the expression (8.22) implies a broad
angular distribution for the scattered particles although it is not the same as completely diffuse reflection. For long correlation lengths with w z k 2 9 1 the angular
distribution is sharply peaked about the direction of specular reflection.
Rerceanu and Ignatovich (1973) have studied the case w2k2< 1 (short correlation
length) in some detail. They have obtained approximate analytic expressions for the
probability of transmission Wt and for the angular distribution of the neutrons
emerging at the far end of the tube. They then go on to obtain results for the same
things using Monte Carlo methods. As a further check they also treat the simpler
case of completely diffuse reflection in the proportion f. Winfield and Robson (1972)
have also performed Monte Carlo calculations for a proportion of completely diffuse
reflection, but in addition they included a small probability ii = 4.5 x 10-4 of absorption
at each wall collision.
T h e parameters given by Steyerl (1972a) to describe the microroughness of
mechanically and electrically polished copper lead to the value k2w2= 4.39 for

a
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Figure 18. Polar diagrams for the distribution function f(&) of neutron velocities with
respect to the angle Oz with the z axis showing the asymptotic form appropriate
to long round tubes with diffuse reflection as given by Berceanu and Ignatovich
* * * * ), and the Monte Carlo results of
(1976) and Steckelmacher (1978)
Brown et a1 (1975) for a length-to-radius ratio Z/R=64 with the reflection relation,
and the parameters for electropolished copper given by Steyerl (1972) (- -0-).
For an isotropic distribution, f (e,) is independent of et.
( a

neutrons with v = 5 - 3 3 m s-1 (X=750 A). This is far away from the condition
k2w2<1, and from the expression (8.22) it can be seen that these values of the
parameters lead to considerable peaking of the non-specular reflection about the
specular direction. Brown et a1 (1975) made use of the fact that the expression
(8.22) can be integrated analytically over 4, leaving only an integration over one
variable 6' to be carried out numerically. It then becomes practical to carry out
Monte Carlo calculations using the reflection law (8.22) in the general case. Among
other examples, Brown et a1 calculated the transmission probability of a tube for
a variety of ZIR values using values of the parameters for copper mentioned above
(see figure 19). I n other cases where they used kw< 1 they obtained results in good
agreement with those of Berceanu and Ignatovich.
Before leaving this topic we would like to mention that Maysenholder (1976)
has made Monte Carlo calculations for the transmission past a sharp bend in a
round tube for a range of angles of the bend and for neutron velocities v > vc and
a<v,. H e also presents results for the angular distributions at the end of a long
straight tube with ZIR = 40 for various values of the probability of loss per reflection
which he takes to be independent of the angles of incidence. All his calculations
assume perfectly specular reflection. Also, Robson (1976) has given results for
Monte Carlo calculations for a guide tube with three straight sections and two short
rounded right-angle bends. Results were presented for the number of neutrons
reaching the output, the average path length for each neutron, and the average
number of reflections, all as a function of the probability of specular reflection

(1-f)8.2.3. Experimental results for UCN transmission. T h e results of Groshev et a1 (1971)
for the diffusion length and the mean lifetime of UCN in their chemically polished
copper guide gave an enhancement factor /3= 11-5c 1.5. If this is interpreted according to the simpler model, then from equation (8.17) we have f =0.16, equivalent to
one reflection in six being non-specular.
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Figure 19. Transmission probability for neutrons entering a round tube as a function of
the length-to-radius ratio, Z/R (from Brown et al 1975). These results were
obtained by Monte Carlo calculations using the reflection relation and the parameters for electropolished copper from Steyerl (1972).

Lobashev et al (1973) and Egorov et al (1974) quote a transmission probability
of 0.71 (3) for a rectangular section guide made of mechanically and electrolytically
polished stainless steel with the dimensions 1-82m x 60 mm x 70 mm. W Steckelmacher (1978, private communication) has shown that the differences in conductance,
between tubes with elliptical and rectangular cross sections with the same axis
ratio and the same cross-sectional area, are small. Taking a value of R which gives
a round tube the same value of At we find that this guide should be nearly the same
as a round guide with Z/R=50. For a polished glass guide coated with 58Ni having
dimensions 3 m x 60 mm x 60 mm (equivalent to Z/R N 88) they obtained a transmission probability of 0.70(5) and they estimated that 10-15% may have been lost
at the junctions between the glass plates. I n both these measurements it seems
likely that the neutrons at the input, coming straight from another guide, would
have had a forward-peaked angular distribution giving a high transmission probability
than would have been the case with an isotropic one. For comparison, we interpolate
the results of Brown et aZ(1975) for Monte Carlo calculations using the microroughness measurements for copper (see figure 19). We find that for the section between
z/R=O and x/R=50, W=0615(15), and that for the section between z / R = 14
and z/R=64, W=0.72(2). If we take the value of ,t3 of Groshev et aZ and insert
this in equation (8.16) with Z/R=50 we obtain W=O.38(6).
Taylor (1975) measured the transmission of a honed and electropolished type 304
stainless-steel tube with Z/R= 16. This tube followed an identical tube which was
fed by the nearly isotropic output from the neutron turbine constructed by Steyerl.
For the section lying between z/R 16 and z/R= 32, Taylor obtained a transmission
W = 0.89(5) for neutrons with cuz = 4.5 m s-1 and
in the range 0-6.2 m s-1. Over
this range of z/R the calculation of Brown et a1 gives W=0*875(15) for neutrons
with v = 5.3 m s-1.
Recently Kosvintsev et aZ(1976a) have made measurements of the angular distributions of UCN passing through electrolytically polished copper tubes. (They do
not mention mechanical preparation.) They took steps to obtain isotropic illumina=3
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tion of the entrance by placing a large chamber in front of the tube to randomise
the neutron velocities (see figure 20(a)). They do not quote transmission probabilities,
but the angular distributions suggest that Wt= 0.35(5) for the length of tube between
ZIR=8 and ZIR=68. I n this and the previous cases, losses due to the finite r
will have contributed a few per cent to the attenuation roughly in proportion to
Z]R.For Taylor's rather short tubes the average number of wall collisions ( 216)
per neutron would only contribute an attenuation of 1.6% calculated with p = 10-3.
I n the case of the copper tube just mentioned this effect is likely to have contributed
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Figure 20. Experimental results for the angular distribution of neutron velocities at the end
of a round tube; (a) when the tube was preceded by a chamber to randomise
the velocities; and (b) when the tube was preceded by a sharp 90" bend (from
Kosvintsev e t a1 1977).

an additional attenuation, equivalent to multiplying by about 0.9. It seems in fact
that the results here are similar to those of Groshev et al for their chemically po!ished
copper tubes, whilst the measurements by Taylor on stainless steel are roughly
consistent with those of Egorov for stainless steel. T h e results suggest that the
attenuation in the steel guides is less than half of that in the copper guides. It is
not clear whether this is due to the absence of mechanical preparation for the copper
guides or whether it is the difference in material or some combination of the two
things.
Kosvintsev et a1 also showed how a forward-peaked angular distribution in a
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neutron flow was much broadened after passing a sharp right-angle bend in a round
guide (see figure 20(b)).

8.3. Transmission of neutrons with a velocity slightly higher than the critical velocity
Most UCN sources produce some neutrons with v a little higher than vc for the
guide walls. It is important to know about the presence of these neutrons and how
they influence experimental results.
Guides put well-defined restrictions on the transverse components of neutron
velocity. If we assume that the available phase space is uniformly populated we
find that the neutron current from a round guide with perfect specular reflection,
lying in the range v I to v,+duL where v12=vu52+vg~,
is proportional to the
distribution function :

where &=2/vC2. Integrating over this function shows that half of the available
phase space is associated with v l > v c . Steyerl (1972~)has discussed the spatial
distribution of the orbits for v I> vc and makes the point that because they make
more reflections than those with U I< v c they will in practice suffer more attenuation.
For a rectangular guide section we have the distribution function:

Integrating over this function shows that only 13.7% of
where Kz=27~/(7~+4).
the phase space is associated with v 1.> vc and there is a strict cutoff at v
vc1/2.
Bends in the guides reduce the phase space available to neutrons with higher oz.
T h e theory for relatively smooth bends has been given by Maier-Leibnitz and
Springer (1963) and Steyerl (1972~). One finds that relatively sharp bends are
needed to eliminate most of the neutrons with vz > vc. Maysenholder (1976) has
made Monte Carlo calculations for abrupt bends in round tubes. H e finds, for
example, that even when a neutron current which has been realistically collimated
by wall losses is incident on an abrupt right-angle bend the transmission probability
for neutrons with u=v,2/2 is as high as 30%.
Sometimes neutron bottles have been made by closing off round guides with
flat end plates at right angles to the tube axis. If there is perfect specular reflection
off perfect surfaces, the phase space available to trapped neutrons exceeds that
defined by v < v c at all points by a factor of 3. In practice, any neutrons in this
extra phase space suffer the additional hazard that any reflection which is non-specular
may throw the velocity into a direction which exceeds the critical angle in a later
collision. With good surfaces these neutrons may survive a few seconds.

8.4. Effects of gravity in guides and gravity sihectvometers using guides
As with any other body, the change in neutron velocity after rising through a
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height h can be expressed as:

~o'-~h2=2gh.

(8.25)

A neutron with v=6*26 m s-1 is not able to rise more than 2.0 m. In the absence
of significant vibration in the guide walls, the neutrons which remain confined to a
guide have only made elastic collisions with the walls so that equation (8.25) continues
to apply. I n a straight guide with R < 2 m and having only perfectly specular reflection, the kinetic energy expended in increasing the height must, to a very good
approximation, come entirely from that associated with the axial component of
velocity vz and the transverse components remain unchanged. I n addition to equation
(8.25) we then have the expression:

~z02-~a,h2=2gh.

(8.26)

Groshev et a1 (1971) used an arrangement of guides in the form of a rotating
crank to perform an analysis of UCN velocities by observing the detector counting
rate as a function of the height h (see figure 21). Similar measurements have been

[ a1

ib)

Figure 21. ( a ) A gravity spectrometer using neutron guides. 1, rotary seal, 2, section at a
variable height h, 3, UCN detector. (b) The integral spectrum UCN counting rate
S (h) in neutrons s-1 as a function of h (cm).

made by Kosvintsev et a1 (1976a) and Ageron et a1 (1977). The theory of the device
has been discussed by Ignatovich and Terekhov (1976a). It has also been used to
select limited ranges of velocity for experiments with neutron bottles (Groshev et a1
1976, Kosvintsev et a1 1976a). There are two versions of the spectrometer, one where
an absorber is placed along the top of the horizontal section which gives a differential
spectrum, and another without the absorber which gives an integral spectrum.
Analysing the behaviour is complicated by the fact that there are two quite different
limiting cases for either version and practical cases lie in a rather indeterminate way
between the two limits.
In one limit the walls are quite rough and neutrons diffuse up the inclined section.
Equation (8.25) applies but not (8.26) and it is the total neutron velocity which
determines whether it can pass over the top. In the other limit a spectrometer with
very smooth bends and well-polished straight sections and a large detector area will
operate in such a way that equation (8.26) applies and v, determines whether the
neutron can get over the top. The differential spectra show quite different behaviour
for the two cases. I n practice, the device tends to operate in a way which is between
the two limits, making it difficult to make anything other than approximate inferences
about the primary spectrum.
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I n spite of these difliculties the rotatable crank is a simple and useful device,
particularly for selecting a limited velocity range of UCN.

9. Conclusion
We have reviewed the development of ultra-cold neutron physics to the present
time. As we pointed out, the most exciting applications of the technique in condensed
matter physics, in the search for a neutron electric dipole moment and in more
accurate measurements of the neutron lifetime have yet to be achieved, but we
have every reason to believe that we shall see rapid progress along all these lines in
the immediate future.
If the suger-thermal source based on liquid helium works according to present
calculations we can expect to see a reduction in the investment and effort necessary
to extract UCN from reactors and consequently an increase in the number of institutions
where such work is carried out.
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