
STUDIES IN NEUTRON PHASE SPACE COOLING

FOR COLD AND ULTRA-COLD NEUTRON SOURCES

Yunchang Shin

Submitted to the faculty of the University Graduate School

in partial fulfillment of the requirements

for the degree

Doctor of Philosophy

in the Department of Physics

Indiana University

September 2008



3337262
 

3337262
 2009



Accepted by the Graduate Faculty, Indiana University, in partial ful-

fillment of the requirements of the degree of Doctor of Philosophy.

Doctoral
Committee

W. Michael Snow, Ph.D.
(Principal Advisor)

Chen-Yu Liu, Ph.D.

David V. Baxter, Ph.D.

August 15 2008 Herman Nann, Ph.D.

ii



Copyright c© 2008

Yunchang Shin

ALL RIGHTS RESERVED

iii



Acknowledgements

I thank my advisers Professor W. Michael Snow and Professor Chen-Yu Liu,

whose guidance made this thesis possible. Their insight, quest for perfection, and

passion for science have always inspired me. They were very patient, and tried to

ensure that I understood every single point. Thanks to Professor David, V. Baxter.

He has kept me on the right track throughout my research. I am thankful to Bill

Lozowski and Christopher M. Lavelle for their constant encouragement, and help

with experimental methods, especially in LENS.

The thesis work was supported by the National Science Foundation under

Grants No. DMR-0220560, DMR-0320627, PHY-0100348, PHY-0457219 and PHY-

0758018.

iv



Abstract

This thesis addresses problems in the phase space compression of neutrons in

two different energy regimes. The first part applies to the cold neutron regime. We

constructed a microscopic model for the neutron dynamic structure factor S(Q, ω)

of solid methane in phase II. The model treats the effects of molecular translations,

intra-molecular vibrations and intra-molecular rotations as uncoupled. Total scat-

tering cross sections were calculated from the model for the incident neutron ener-

gies of 0.1 meV ∼ 1 meV and compared with existing data. This model was tested

by calculating and measuring the neutron brightness from the solid methane cold

neutron moderator of the Low Energy Neutron Source (LENS) at the Indiana Uni-

versity Cyclotron Facility (IUCF) at 4K and 20K. Within the expected accuracy of

our approximate approach, the model matches the measured neutron spectral in-

tensity. We have also used the model to guide future investigations into other cold

neutron moderator media in an attempt to reach the ”very cold neutron” (VCN)

energy regime.

v



The second part describes the study of solid oxygen as an ultra-cold neutron

moderating medium. Ultra-cold neutrons (UCN) are neutrons with energy of a

few hundred neV. A UCN source with higher intensity is necessary to measure

fundamental properties of the neutron such as the neutron lifetime or the neutron

electric dipole moment (EDM). Solid oxygen may be an attractive choice as a UCN

source. Theoretical calculations for a perfect solid crystal predict high UCN bright-

ness is possible from solid oxygen. However, it has been experimentally shown

that the UCN production rate from solid oxygen depends strongly on the crystal

condition, especially at low temperature. We tested crystal growth of solid oxygen

over a wide range of temperatures and in external magnetic fields. In addition,

the UCN production rate in solid oxygen was measured on FP-12 at Los Alamos

Neutron Science Center (LANSCE).
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1

Introduction

In this chapter, some of basic concepts used in this thesis such as the interac-

tion of slow neutrons with matter, neutron moderation, and collective modes are

discussed.

1.1 Interaction of Slow Neutrons with Matter

Neutrons with energies of less than a few meV are collectively referred to as

“Slow Neutrons”. The slow neutron energy ranges from the cold neutron region, in

which the neutron energies are of the order of meV, and also the very cold neutron

region, which extends from 1 meV to a few μeV or, in temperature units, from less

than 10 K to approximately 10 mK. Neutrons whose energies are much less than

few hundred neV are described as ultra-cold neutrons (UCN). Fig. 1.1 shows the

1
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classification of the neutrons in terms of their energy, wavelength and temperature.

1eV 1meV 1 eV 1neV

104K 103K 102K 10K 1K 0.1K 0.01K 1mK 100 K 10 K

1 100010010 1 m

E

T

Epithermal Cold

VVVVVVVery Cold

Ultra Cold

K 100

Thermal

Room Temperature
=1.8 , v=2200m/s

Total Reflection
=570 , v=7m/s

K 1

10

fl

Figure 1.1: Classification of neutrons in terms of their energy, wavelength and tem-
perature.

Many phenomena in slow neutron physics can be treated from a neutron optics

point of view because of their wave properties. The wave properties of slow neu-

trons are responsible for typical optical phenomena, such as the refraction of neu-

tron waves at the boundary between two media, total internal reflection, diffrac-

tion and small angle scattering[1].

Slow neutrons have been used in the analysis of the atomic structure of mat-

ter as in diffraction studies of hydrogenous compounds. Slow neutrons are also

widely used in studies of crystals and liquids. Analysis of slow neutron scatter-

ing data provides information about the vibration frequency spectrum of the crys-

tals lattice and phonon dispersion curve[2][3]. In liquids, the atomic dynamics is
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particularly complicated and slow neutron scattering gives valuable information

about the motion of atoms or molecules and about the diffusion mechanism[4].

Slow neutrons are also used for studying the properties of magnetic materials.

They can be used to determine the orientation of atomic magnetic moments in

magnetic materials and to study the magnetic dynamics of crystals[5].

Slow neutrons were originally employed in nuclear physics experiments[6].

Polarized neutrons are used to determine nuclear magnetic moments. Moreover,

slow neutrons are used in investigations of the properties of the neutron itself,

namely, the magnetic dipole moment, spin, half life and in searches for the electric

dipole moment[7]. Studies of the neutron decay give valuable information about

the nature of the weak interaction and the problem of parity violation in weak

interactions[8].

With these two principal areas of study in slow neutron physics, the scattering

of slow neutrons is also important in producing and moderating neutrons in low

energy neutron sources. In this case, the energy transfer between neutrons and

the moderating media, which is an effect not described with neutron optics, must

be taken into account[9]. This energy transfer ensures that the neutrons gradually

come into thermal equilibrium with the moderator. The process leading to equi-

librium is often called “Neutron Thermalization”, and the understanding of this

process is important in the design of slow neutron sources[10][11].
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1.2 Neutron Moderation

The phase space compression of neutron ensembles, usually called “Neutron

Moderation”, is concerned with the energy, space and time distribution of neutrons

in a moderating medium. The fundamental object of interest in neutron modera-

tion is f(�r,�v, t), the phase space distribution function, where f(�r,�v, t)d�rd�v is the

average number of neutrons in the phase space element d�rd�v at time t. Since the

density of neutrons is orders of magnitude lower than the density of scatterers

in a medium, neutron-neutron scattering can be ignored, and since the mean free

path of neutrons in matter is much larger than the separation between atoms in

the medium, the neutron motion between collisions can be approximated as clas-

sical motion with velocity �v. This leads to a linear integral equation for the neutron

phase space density of the form

(
∂

∂t
+ �v · �Δ)f(�r,�v, t) =− ρvσa(v)f(�r,�v, t) (1.1)

+

∫
[ρv0σs(�v0, �v)f(�r,�v0, t)− ρvσs(�v,�v0)f(�r,�v, t)]d�v0

where v = |�v| is the neutron speed, ρ is the density of the medium, σa(v) is the

neutron absorption cross section, and σs(�v0, �v) is the scattering kernel. The first

term in the integral can be understood to represent ”downscattering” of the neu-

tron of velocity �v0 to velocity �v and the second term can be understood to represent



1. Introduction 5

”upscattering” of the neutron of velocity �v to velocity �v0. In terms of the double

differential scattering cross section d2σ, defined as the average number of incident

particles with velocity �v0 scattered into the volume element d�v per atom per unit

time per unit incident flux, the scattering kernel is defined by

d2σ = σs(�v0, �v)d�v, (1.2)

which is expressed in spherical coordinates in terms of the scattered neutron en-

ergy E = 1
2
mv2. If (θ, φ) are the polar coordinate of �v with respect to �v0 as polar

axis, then d�v = v2dvsinθdθdφ = v
m

dΩdE. The double differential scattering cross

section becomes

d2σ

dΩdE
=

v

m
σs(�v0, �v). (1.3)

On the other hand, the usual expression for the double differential scattering

cross section is

d2σ

dΩdE
=

( σs

4π�

) v

v0

S(�Q, ω), (1.4)

where S( �Q, ω) is the dynamic structure factor[53], σs is the bound scattering cross

section per atom, and �Q and ω are the momentum and energy transfers from the

neutron to the medium. Comparing Eq. 1.3 and Eq. 1.4, one can see that the
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scattering kernel is directly proportional to the dynamic structure factor,

σs(�v0, �v) = (
mσs

4π�v0

)S(�Q, ω). (1.5)

Neutron moderation theory has been developed for nuclear engineering and

related applications in the energy regime between the typical energy which neu-

trons possess upon liberation from nuclei (MeV) to the kinetic energies of atoms

in matter at room temperature (∼25 meV)[12]. Since these energies are large com-

pared to the kinetic energy and the binding energy of the atoms in the moderating

medium, the total cross section is given to a good approximation by the incoherent

sum of the scattering cross sections from the individual atoms in the medium. In

this limit, the theory of neutron moderation only needs to apply energy and mo-

mentum conservation to a sequence of collisions of neutrons of mass m and initial

energy E with target nuclei of mass M and zero kinetic energy. Such an analysis

forms the core of neutron moderation theory in nuclear reactors. The large number

of collisions typically needed to reduce the energy of a neutron by several orders

of magnitude leads inevitably to neutron emission sources which are incoherent

[12][13][14].

For neutron energies at or below the energies of motion of the moderating

medium, however, the situation is qualitatively different. In this case the neutron
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wavelength is larger than the separation between atoms in the medium, and in this

case the scattering exhibits strong interference effects which depend on the details

of the structure and modes of motion of the medium. There is also the quantum

mechanical issue of the individual neutron collision events and the essentially clas-

sical neutron transport problem dealing with the distribution of neutrons resulting

from multiple collisions [15].

Furthermore, the inelastic fraction of the total cross section, which the essential

component for phase space compression, decreases as the neutron energy drops

below the binding energy and the∼meV excitation energies of collective modes in

the medium. In practice, the only efficient way at present to increase the neutron

phase space density is through collisions in a medium[3].

In the individual scattering events of neutrons with molecules in the moderat-

ing medium, the basic problem is to understand the interchange of energy between

the neutron and the states of excitation in the moderator. In a pseudo-potential

approximation of neutron-nuclear interaction[16], the scattering of slow neutrons

by free nuclei at rest is simply described with their scattering lengths which are

measured for essentially all stable nuclei. Then, the understanding of the relevant

molecular excitation is the main key to understand the slow neutron scattering

process in moderator media[15]. For crystals, these can be inter-molecular vibra-

tions (or quantized lattice vibrations), intra-molecular vibrations, intra-molecular
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rotations or spin lattice excitations.

The amount of phase space compression per collision for slow neutrons in a

moderating medium, therefore, tends to decrease as the energy decreases. In prin-

ciple, we can continue to increase the phase space density in a neutron moderator

indefinitely, in the absence of absorption, by cooling the medium to T = 0 K and

allowing the neutrons to undergo an arbitrary number of collisions. In practice,

however, the finite neutron absorption cross section of all media other than 4He

limits the number of collisions that can be tolerated. Then, once again, the amount

of phase space compression per collision depends on the microscopic properties of

the medium even at T = 0 K. In addition, the inelastic modes available in a con-

densed medium tend to freeze as T → 0 K, thereby reducing the efficiency of the

moderating medium even further.

As can be seen from the Boltzmann equation for neutron transport in Eq. 1.1,

the rate of phase space compression per collision is proportional to the neutron

dynamic structure factor S(Q, ω) in the medium, where ω = Ef−Ei and �Q = �kf−�ki

and Ef , Ei, �kf , �ki are the final and initial neutron energies and momenta. In the

theory of neutron phase space compression in the slow neutron regime, we are

especially interested in the behavior of S(Q, ω) as ω → 0. This is because the width

of the distribution of neutrons in phase space that we are interested in cooling is

typically large compared to the range in (Q, ω) space where S(Q, ω) is large. When
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the latter range is defined by the dispersion relation of a well-defined elementary

excitation of the medium such as a phonon, magnon, libron, etc., for example,

S(Q, ω) is large only over a narrow ridge in (Q, ω) space.

If the neutrons of interest for cooling also possessed a phase space distribution

of comparable width, the obvious optimal solution to neutron cooling would be to

match the elementary excitation spectrum to the neutron phase space to be cooled

and reduce the neutron energy to zero by the creation of a single elementary ex-

citation, with the refrigerator that maintains the moderating medium at T = 0 K

providing the dissipation required for phase space compression.

This strategy is used in so-called superthermal neutron moderators optimized

for the creation of ultracold neutrons[17]. For cooling a broader phase space distri-

bution of neutrons to energies in the 100 μeV ∼meV range, however, multiple col-

lisions are essential, and S(Q, ω) must therefore possess some strength near ω → 0

so that most neutrons in the distribution have energy losses ωi in some sequence

of collisions S(Q, ωi) that can allow them to approach Ef → 0. These considera-

tions guide the search for improved neutron moderating media into some obvious

directions.

Although the energy transfer cross section for slow neutrons is the main con-

cern in the neutron moderation, the space and energy distributions of the neutrons

are also important problems. If the moderator is long enough that the number of
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scattering collisions is sufficiently large before absorption, neutrons may come to

thermal equilibrium within the moderator. The thermal neutron flux spectrum is

approximately a Maxwellian distribution,

φM(E) =
1

(kBT )2
E exp

(
− E

kBT

)
, (1.6)

where kB is Boltzmann’s constant and T is the absolute temperature of the moder-

ator.

The neutron thermalization problem was first formulated by Wigner and Wilkins

in 1944[18]. In 1960, McReynold and Wittermore described the measurements

of the cold neutron spectrum and the neutron thermalization in liquid and solid

methane and in liquid hydrogen for cold neutron source design[19]. Later research

also investigated liquid deuterium and D2O ice[20]. Given the engineering con-

straints from heating of the moderator from fast neutrons and gamma radiation,

liquid H2 and D2 quickly become the main choices for cold neutron sources at re-

search reactors.

The development of pulsed neutron sources motivated more research on neu-

tron moderation in other materials, since, in this case, the emission time distribu-

tion of the neutrons from the moderator is also important[21]. In 1982, Inoue et al.

extended this study to various materials in their cold neutron moderator using a
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pulsed neutron source and studied the neutron thermalization and neutron flux

of different candidate materials[22]. In this experiment, they chose four different

hydrogenous materials, CH4, C2H6, H2 and H2O. The experimental spectra were

obtained from these materials at various solid and liquid temperatures. They also

investigated the behaviors of the effective neutron spectrum temperature of three

moderators, CH4, C2H6, H2, as a function of moderator temperature. As seen in

Fig. 1.2, the neutrons do not reach thermal equilibrium. It was suggested that this

was caused by the low cross section for small energy transfers and competition

between the slowing down and absorption of neutrons. Finally, this test showed

that solid methane at low temperature was one of the most efficient cold neutron

moderator media. Research on neutron moderator design and materials for pulsed

neutron sources has continued[23].

1.3 Elementary Excitations

Crystalline solids, like poly-atomic molecules, contain a large number of strongly

interacting particles. The energy levels of such systems cannot easily be deter-

mined from first principles. A method of elementary excitations can be used to

approximate the dynamics of the crystal[24].

A motion in a crystal involves all the particles in the crystal by the translational
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Figure 1.2: Neutron spectrum temperature versus moderator temperature[22].

symmetry of its lattice. Because of this symmetry, all the particles with a unit cell

of the crystal can be treated as physically equivalent to those in any other unit cell.

The excitation occurring in the crystal, therefore, can be transmitted throughout

the entire set of particles. It is called “collective mode” [25].

The collective modes of a crystal can propagate in the form of plane waves

throughout the specimen because of the translational symmetry of the crystal. At

low temperatures, there are only a small number of collective modes populated in

a crystal and they can be treated as independent. As a result of the quantization of

waves propagating through the periodic structure, quasi-particles describing the

collective modes in a crystal are called “elementary excitations”. The dispersion
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law for the excitations is strongly dependent on the dynamic properties of the par-

ticular crystal[24].

In terms of elementary excitations, the thermal energy of a crystal can be de-

termined by the occupation of different excitation branches. For example, thermal

lattice vibrations give rise to collective waves in terms of normal vibrations of the

lattice. Quantization of these waves leads to quasi-particles known as “phonons”.

The collective modes in a ferromagnet, which were referred to as spin waves, are

similarly associated with quasi-particles known as “magnons”.

Each excitation branch (phonon, magnon, etc.) is characterized by a definite ex-

citation spectrum gi(E), where the subscript i represents the branch. To determine

the thermodynamic energy of the crystal, we must know the excitation spectra

of all the branches and the statistics obeyed by the quasi-particles belonging to

different branches. In the first approximation, in which each branch is treated as

independent, the energy of the crystal can be expressed in the form [26]

E =
∑

i

∫
dEEf i

T (E)gi(E), (1.7)

where the temperature dependence is determined by the thermal occupation factor

f i
T .

For example, a large number of phonons can be excited in a given state in any
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system. In this case, the phonons obey Bose-Einstein statistics and the energy of

the crystal is given by[27]

E =

∫
dE

E

exp(E/kBT )− 1
gph(E). (1.8)

where gph(E) is the phonon spectrum, which is the spectrum of normal vibration

modes of the lattice.

In the case of a ferromagnet below the Curie point, both chemical and magnetic

periodic structures can be present[10]. Therefore, both phonons and magnons can

exist simultaneously. In this case, phonon-phonon, magnon-phonon and magnon-

magnon interactions can all exist. These collision processes give rise to an equi-

librium in the crystal. It had been shown that the interaction of spin waves with

one another is typically stronger than the interaction of spin wave with the lat-

tice. As a consequence, the time necessary to establish a relaxation in the magnon

gas through magnon-magnon collisions is much shorter than the time required for

magnon-phonon collision to bring the magnons into equilibrium with the phonons

at low enough temperature[28]. Therefore, the temperature of spin waves and the

lattice may differ from one another.

This phenomenon is also important when the excitation branch must take into

account nuclear spin species. The excitation branch corresponding to molecular
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rotations normally has multiple discrete excitation levels, either simple two levels

or more complicated levels structure depending on the number of atoms partici-

pating in the motion. These level structures depend on the nuclear spin species

of the molecule. Even in the simple case of hydrogen or deuterium, the very dif-

ferent scattering cross section of two different molecular species, ortho and para,

depending on total nuclear spin states, is very important in the study of both the

neutron scattering and UCN related fields. The nuclear spin species conversion in

other hydrogenous molecules such as solid methane at low temperatures is also

important for neutron moderation[29][30].

1.4 Motivations

There were motivations making this research interesting for practical applica-

tions to the low energy neutron source (LENS) at Indiana University Cyclotron

Facility (IUCF). These include

1) the development of theoretical understanding of cold neutron scattering in

low temperature solid methane,

2) the measurement of neutron energy spectra in LENS to make a comparison

of theory with experiment,

3) the development of new concept to allow very cold neutron source to be
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possible,

4) and the experimental study of solid oxygen for ultra-cold neutron produc-

tion.

In this thesis, these issues will be the main topics in each chapter. Chapters 2

and 3 mainly deal with cold neutron scattering in phase II solid methane. Our main

goal in chapter 2 is to understand cold neutron scattering in solid methane with

different elementary excitations, to develop a theoretical formalism to get physical

insight and to calculate the total scattering cross section, dynamic structure factor

and frequency spectrum at different moderator temperatures.

We discuss extensively the experimental techniques and the results of neutron

spectra measurement in chapter 3. Our objectives in this chapter are to see if these

measurements agree with our predictions based on the formalism which we de-

velop in chapter 2. The consideration of nuclear spin conversion in methane and

the operation of the solid methane moderator at low temperatures form the subject

matter of chapter 3.

Chapter 4 presents a specific idea of a possible moderating medium for a very

cold neutron source. In order to have physical understanding of neutron moder-

ation in a moderator, we decompose the collective modes of solid methane in our

formalism and study the relationship of each collective mode with the neutron en-

ergy spectrum which would be produced in LENS TMR. In particular, we extract
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the neutron effective spectrum temperature as a function of moderator tempera-

ture down to 4K and compare with Inoue et al.[22]. From this study, we propose

a specific material, methane clathrate hydrate, as a very cold neutron moderator

medium of practical interest.

In chapter 5, we discuss an experimental setup for our study of ultracold neu-

tron production in oxygen using magnetic excitations of the solid system. We make

a detailed description of our setup and operations and present our studies of the

magnetic field influence on the formation of polycrystalline solid oxygen. This

chapter also presents preliminary experimental results on the UCN production

with this setup measured at LANSCE.



2

The Neutron Dynamic Structure

Factor of Solid Methane in Phase II

We have constructed an approximate microscopic model for the neutron dy-

namic structure factor of solid methane in phase II. We expect this model to apply

for neutron energies below 1 eV at pressures near 1 bar and temperatures below

20 K where methane exists as a mixed phase of free rotors and hindered rotors of

the tetrahedral molecules in the unit cell. Matrix elements needed to calculate the

dynamic structure factor S(Q, ω) are adapted from earlier works by Ozaki et al.[31]

[32]. The model treats the motions of molecular translations, intra-molecular vibra-

tions and the free and hindered rotations of methane molecule as uncoupled. Total

scattering cross sections calculated from the model agree with the cross section

measurements by Grieger et al.[33] for the incident neutron energies of 0.5 meV ∼

18
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1 eV. The effective density of states extracted from the model was compared with

the Harker & Brugger frequency spectrum extracted from neutron scattering mea-

surements conducted at 22K[34]. Using this model, we can also isolate the separate

contributions of the various orientational modes to the inelastic cross section in the

cold neutron energy regime.

2.1 Introduction

Neutron scattering from solid methane has special importance for cold neutron

moderation for a number of reasons. First of all, solid CH4 possesses a high num-

ber density of hydrogen atoms, and since the isolated hydrogen atoms have a very

large scattering cross section, the neutron mean free path is small and the neutron

brightness emitted from such a source can be high. Second, the high symmetry of

the CH4 molecules leaves a significant fraction of the methane molecules free to ro-

tate in the solid phase even close to T ∼ 0 K. This property is shared by only a few

other molecular solids such as solid hydrogen, γ-picolene, methane clathrate and

their deuterated versions [35]. The resulting inelastic rotational modes are respon-

sible for the experimental observation that solid methane is the brightest known

cold neutron moderating medium[36].



2. The Neutron Dynamic Structure Factor of Solid Methane in Phase II 20

Solid methane undergoes a phase transition at T ∼ 20 K. Below this tempera-

ture, only 1/4 of the molecules remain freely rotating. The remaining molecules

undergo librations and tunneling motions between equivalent librational ground

states. We use the term “orientational modes” to refer collectively to these three

possible motions (free rotation, libration, or tunneling between local orientational

minima). Each of these modes can contribute to neutron moderation, but the rela-

tive contributions of each to the effectiveness of methane as a moderator below 20

K has not previously been clearly established.

The purpose of this work is to present a description of the dynamics of neutron

scattering of solid methane in phase II and construct the dynamic structure factor

S(Q, ω). The complete dynamics of the crystal include inter-molecular vibrations,

intra-molecular vibrations and intra-molecular rotations. For methane molecules

in the low temperature solid state, these collective modes are sufficiently decou-

pled to treat them as independent modes. Our model involves this specific as-

sumption, which is necessary to obtain S(Q, ω) with reasonable accuracy from the

first principles. Similar approaches have been used by Nelkin[37] in the analysis

of neutron scattering from water and also used later in the analysis of the solid

methane total cross section data by Grieger et al. [33].

Such an analytical treatment can also be easily applied to gain physical insight
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into the cold neutron moderation process. It may be useful to analyze quantita-

tively the dependence of cold neutron brightness upon the individual dynamic

modes of solid methane. It has been speculated that the cold neutron brightness

from a methane moderator would be enhanced if the motion of solid CH4 can be

modified in some way so as to free all rotational modes. The motivation for this

idea was mainly due to the high neutron cross section for the free rotation mode

of the methane molecule. However, the librational and tunneling motions also

introduce new energy levels into the excitation spectrum for the material, some

of which are at lower energy than those of the free rotor states, and therefore

these cannot be neglected in a complete description of the inelastic spectrum. Even

though there was an interesting approximate analysis by Utsuro[38] of this issue,

the relative importance of the various orientational modes to the effectiveness of

neutron moderation at temperatures below 20K was not established.

Fortunately, the librational and tunneling energy spectra for solid phase II CH4

have been measured[39][40]. These results can be incorporated directly into the

inelastic neutron scattering calculation in combination with the matrix elements

corresponding to different transitions. The matrix elements needed to calculate the

dynamic structure factor from inter-molecular rotations were already calculated

by Ozaki et al.[31][32], and we use these calculations in our work. In addition, the

identity of four hydrogen atoms, which correlates the formation of the rotational
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and spin wave functions through the overall symmetry they must possess under

identical particle interchange, simplifies the calculations by reducing further the

number of possible states.

Very recently, another interesting model for S(Q, ω) for solid phase II CH4 has

appeared [41] which uses a different approach and set of approximations for a dif-

ferent purpose. In particular, an incoherent approximation for the inelastic scatter-

ing is applied within the context of a model using a frequency spectrum approach

to the description of the dynamic structure factor, and the effect of the spin cor-

relations on the intramolecular contribution to the scattering function is included

explicitly. This model agrees with the cross section data and also shows clearly

that the spin correlations among the protons in the CH4 molecule that come from

identical particle constraints make an important contribution to the elastic cross

section at low neutron energies. Our approach differs in that it explicitly accounts

for the microscopic dynamics associated with the orientational degrees of free-

dom. This provides important insight into the relative importance of these various

orientational modes in determining the unique low-temperature moderation char-

acteristics of methane.

The remainder of the chapter is organized as follows. Section 2.2 discusses

the structure of solid methane in phase II and summarizes relevant past works

on both theoretical descriptions of the states of the system and key experimental
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Figure 2.1: The phase diagram of solid methane [42].

results that are important for our calculations. Section 2.3 discusses our neutron

scattering model of solid methane. We present the results including neutron cross

section and spectral intensity in section 2.4.

2.2 Solid Methane in Phase II

Methane at low temperatures and pressures has two distinct solid phases. The

detailed phase diagram is shown in Fig. 2.1. At equilibrium vapor pressure, phase

I appears from the triple point temperature (90.6 K) to the transition temperature

(20.4 K) into phase II. In phase I, methane has a face-centered cubic (fcc) structure

with four orientationally disordered molecules per unit cell. This rotational motion
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of tetrahedral methane molecules remains slightly retarded even near the melting

point of the crystal[43].

The phase change is associated with the onset of orientational order and the

introduction of sites with point group symmetry of D2d and Oh in phase II[44].

The center of mass of each methane molecule is located on the site of the face-

centered cubic lattice in phase II. Fig. 2.2 shows the partially ordered structure of

phase II. It is called an eight-sublattice antiferrotational structure. The unit cell of

phase II contains 32 molecules. Three-fourths of the molecules are hindered rotors

which librate in the minima of a strong orientational potential of D2d symmetry.

The other 1/4 of the molecules are free rotors.

This structure was predicted by James and Keenan[45] on the basis of electro-

static octopole-octopole interactions. The structure of phase II was experimentally

determined by W. Press[46] through neutron diffraction on CD4. In solid CD4,

phase II is stable in the temperature range 22 K ≤ T ≤ 27 K. Although the di-

rect structure of CH4 was not possible to determine because of the high incoherent

neutron cross section of protons, Press assumed that the experimentally measured

symmetry of CD4 implies the same orientational structure of CH4.
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Figure 2.2: The structure of solid methane in phase II[33]. The circle at the center
shows sites with almost free rotation of the molecule. The tetrahedra denote the
orientationally ordered molecules in the structure.
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Rotational Excitation of Free Rotor: Oh symmetry

In phase II, CH4 is in a partially ordered state with respect to molecular orien-

tations. The eight sublattice structure consists of six ordered sites with point sym-

metry D2d and two disordered sites with point symmetry Oh. The orientational

ordering results from octopole-octopole interactions with neighboring molecules

at the lower-symmetry sites. At the sites of higher symmetry, the crystal field is

much weaker and therefore the methane molecules on this site are almost free

quantum rotors [35].

The Hamiltonian of the Extended James-Keenan (EJK) model for molecule i in

a crystal field Vc is

Hi = Ki + fc

∑
l≥4

Vc(ω
E
i ) = Ki + fcB(β4(ω

E
i ) + β6(ω

E
i )), (2.1)

using the notation of Yamamoto et al.[42]. The numerical values of β4 and β6 are

listed in Table I of Yamamoto et al.[42]. Ki is the operator for the rotational kinetic

energy. The parameter fc = 1.25 was determined from experiments by fitting the

strength of the observed crystalline field [42]. The rotational wave function is given

by the standard Wigner functions Dl
k,m(ω). The rotational states of a tetrahedral

rotor with potential parameters determined for CH4 are shown in column B of Fig.

2.3.
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The energy levels are classified through the symmetry Γ̄Γ of the corresponding

wave function. The label Γ̄Γ denotes the 25 irreducible representations of the direct

product group Ō×O which describes the symmetry with reference to the crystal-

fixed frame (Γ) and with reference to the molecular fixed frame (Γ̄). The total wave

function of a CH4 molecule is the product of a rotational wave function and a

spin wave function. Since protons are spin 1/2 particles, the total wave function

must be anti-symmetric under a permutation of any two protons. Therefore, each

state is related to a representation A, T and E corresponding to the total nuclear

spin I = 2 (ortho), I = 1(meta) and I = 0(para), respectively. By conservation

of angular momentum in s-wave scattering, the state ĒE cannot be reached by

neutron interaction from the ground state ĀA[35].

A simple description in terms of the energy levels of CH4 beginning with J = 0

(A symmetry, I = 2) for the ground state has been given by Ozaki et at.[31]. As

may be seen in column A and B of Fig. 2.3, the J = 1 (T symmetry, I = 1) level is

lowered from the free rotor value by 25% due to crystal field effects. The J = 2 (E

symmetry, I = 0) level is split by the reduced local crystal field into four energy

levels. The energies of the transitions between rotational energy levels are 1.09

meV for the J = 0 ↔ J = 1 transition, 1.56 meV for the J = 1 ↔ J = 2 transition

and 2.65 meV for the J = 0↔ J = 2 transition.
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The Orientational Tunneling in Molecular Field: D2d symmetry

The molecule on the orientationally ordered lattice points of CH4 not only li-

brates in the minima of the orientational potential, but also tunnels between each

of the indistinguishable equilibria in two or three dimensional rotational motions

of the CH4 molecule. The rotational tunneling is accessible from various libra-

tional states of the molecule. Since the rotating atoms are indistinguishable[48],

this tunneling leads to a splitting between the states. The calculation of eigenstates

for the orientational motion using free rotational wave functions was performed

in the framework of the EJK model by Yamamoto et al.[42]. These procedures re-

quired a diagonalization of an infinite dimensional Hamiltonian matrix. Although

the procedure converged quickly because of the weak orientational potential, the

wave functions of these tunneling levels are only slightly different from those of

the completely free rotor.

An alternative approach was developed by Hüller and Kroll using a “pocket

state” to treat the rotational and tunneling excitations in molecular crystals[39][40].

A systematic representation is shown in column C of Fig. 2.3. A rotational potential

with n minima on two or three dimensional unit sphere was considered. These

minima have a symmetric relation to each other. A set of states |i〉 centered at each

minimum, called “pocket states” are taken as the basis set. Applying the operator

Rn from the symmetry group T of the CH4 molecule, one obtains the states |n〉 =
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Rn|i〉. Here Rn denotes one of the 12 symmetry elements of the tetrahedral group

T.

Hüller explicitly gave the transformation which diagonalizes the 12 Hamilto-

nian matrix 〈n′ |H|n〉 of this system. For tetrahedral symmetry, there is just one

120◦ overlapping matrix element h = h1 = h2 = h3 = h4, as well as 180◦ overlap-

ping matrix element H = H1 = H2 = H3 = H4. The h is related with rotations

of the tetrahedron about its threefold axes and H is related with rotations of the

tetrahedron about its twofold axes. Diagonalization yields states with A, T and E

symmetry with the following eigenvalues

EA = D + 3H + 8h (singlet)

ET = D −H (three triplets)

EE = D + 3H − 4h (doublet), (2.2)

where D = 〈n′ |H|n〉 is the diagonal element of the Hamiltonian matrix. In such

a condition, the tunneling states split into a quintet ( A, T1, T2, T3, E) with nine

allowed transitions of different energy transfer. In a strong orientational field (in

case H 	 h), the tunneling associated with twofold axes can be neglected. The

site symmetry increases so that the T levels become degenerate and the number of

transitions is reduced[35][49].
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The tunneling frequency depends on the overlap of the pocket states. From the

Pauli principle, each rotational state of symmetry A,T and E is associated with a

definite total spin of the four protons, I = 2, 1, 0 respectively. The energy levels of

each state are 0, 0.16 and 0.24 meV respectively. The librational state starts at Elib =

6.5 meV. Transitions between levels of different symmetry cannot be induced by

phonon interaction alone, but are mediated by the weak dipole-dipole interaction

among protons. As a consequence, the spin system shows slow thermal relaxation

after a sudden change of the lattice temperature[50].

Theoretical and experimental work has been performed on the temperature de-

pendence of D2d energy levels below T = 4K. Yamamoto et al.[42] predicted the

temperature dependence of the tunneling levels based on the EJK model. Their

theoretical prediction was made for an equilibrium mixture of spin species. The

tunneling level spacings at 0 K are about 10% larger than those at 4 K. Press and

Kollmai[51] investigated the temperature dependence of the tunneling states as

well as of the J = 0 → J = 1 rotational transition in ordered rotational system at

T = 4.9 K. By contrast, the rotational levels of Oh molecules were predicted to be

independent of temperature. Press et al.[52] measured this level spacing of disor-

dered rotational system of methane at T = 5K and T = 0.1K with inelastic neutron

scattering. It showed that J = 1 energy level at T = 0.1 K remains unchanged at

T = 5 K. Based on these results, in this paper we assume that the energy levels of
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both ordered and disordered molecules are unchanged over the temperature range

from 0 K ≤ T ≤ 20.4 K.

2.3 Neutron Cross Section Model of Solid Methane

A methane molecule in a crystal shows three different dynamic modes depend-

ing on the incident neutron energy En. The rigid H4 tetrahedron rotates about the

central carbon atom. The whole molecule oscillates in the crystal lattice. Finally,

the protons vibrate around their equilibrium positions within the molecule.

The total neutron scattering cross section is evaluated from the usual expression

d2σ

dΩdE
= b2

(
kf

ki

)
S(Q, ω), (2.3)

where b denotes the scattering amplitude and ki and kf the momentum of the neu-

tron before and after the scattering. By integrating S(Q, ω) over the solid angle Ω

and the neutron energy transfer ω, the total cross section σtot is obtained.

The scattering function S(Q, ω) depends on the complete set of modes of the

methane molecule; intra-molecular rotations of the tetrahydrogen about the center,

inter-molecular transitions of the center of mass and intra-molecular vibrations. If

these modes are independent, then S(Q, ω) may be written as a convolution of the
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dynamic structure factors for the different dynamic modes of the motion:

S(Q, ω) = Srot(Q, ω)⊗ Strans(Q, ω)⊗ Svib(Q, ω). (2.4)

Each dynamic mode in Eq. 2.4 is characterized by a definite excitation spectrum

ρi(ω) of the quanta of each mode, called roton, phonon and vibron. To determine

the excitation energies of the solid methane which can occur in neutron scattering,

we must know the excitation spectra of all of the modes and the statistics obeyed

by the quanta belonging to different modes. In the first approximation, the total

excitation energy of the crystal can be represented as

Ecrystal =
∑

i

∫
dEEfi(E)ρi(ω), (2.5)

where fi(E) is a distribution function. At this stage, we assume that the coupling

among the different dynamic modes can be ignored. This means that the total

excitation spectrum is the sum of the contributions from rotations, translation and

vibration. Denoting each contribution by ρr(ω), ρt(ω) and ρv(ω) respectively, we

have

ρcrystal(ω) = ρr(ω) + ρt(ω) + ρv(ω). (2.6)

This is still a good approximation to the scattering function S(Q, ω) if each dynamic



2. The Neutron Dynamic Structure Factor of Solid Methane in Phase II 34

mode is dominant in different incident neutron energy regimes En.

For En ≤ 6.5 meV, the protons in solid CH4 behave like bound particles. Only

the lowest few orientational energy levels are thermally populated in the solid at

low temperatures, while the molecules are in their translational and vibrational

ground states [33]. Therefore, the scattering function S(Q, ω) in this energy region

can be approximated as

S(Q, ω) ≈ Srot(Q, ω). (2.7)

For 6.5 meV ≤ En ≤ 165 meV, the H4 tetrahedron reaches its rotational “free”

state and the librational degrees of freedom are active. The cross section for exci-

taiton of rotational degrees of freedom significantly decreases, and the cross section

for molecular oscillations in the crystal lattice appears,

S(Q, ω) ≈ Srot(Q, ω) + Strans(Q, ω). (2.8)

Finally, when neutrons reach the energy En ≈ 165 meV, the protons start to

behave like individual free particles. The neutron scattering is then not dominated

by multiple inelastic scattering, but also experiences contributions from vibrations

of the tetrahedrons,

S(Q, ω) ≈ Strans(Q, ω) + Svib(Q, ω). (2.9)



2. The Neutron Dynamic Structure Factor of Solid Methane in Phase II 35

Then the total scattering function S(Q, ω) of solid methane in the incident neu-

tron energy range from 0.1 meV to 1 eV can be approximated as

S(Q, ω) ≈ Srot(Q, ω) + Strans(Q, ω) + Svib(Q, ω). (2.10)

Rotational Excitation

The rotational excitations of solid methane in phase II were taken from Ozaki’s

work [31][32] which has a more complete description of rotational excitations of

methane. The double differential cross section for rotational motion can be divided

into two parts:

d2σ

dΩdE
=

(
d2σ

dΩdE

)
spin−ind

+

(
d2σ

dΩdE

)
spin−dep

. (2.11)
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Each term of Eq. 2.11 represents coherent and incoherent scattering in the rota-

tional system as

(
d2σ

dΩdE

)
spin−ind

= b2
coh

kf

ki

pi(T )gigf

∞∑
l=0

(2l + 1)j2
l (kr)

× F i,j
l δ(�ω + Ef − Ei)× e−γrotQ2

,(
d2σ

dΩdE

)
spin−dep

= b2
inc

kf

ki

pi(T )gigf

∞∑
l=0

(2l + 1)j2
l (kr)

×Gi,j
l δ(�ω + Ef − Ei)× e−γrotQ2

, (2.12)

in which the coherent scattering corresponds to spin-independent part and in-

coherent part to spin-dependent one. The pi(T ) are the occupation probabilities for

the initial states in thermal equilibrium

pi(T ) =
exp(−Ei/kBT )∑
i

exp(−Ei/kBT )
.

From Eq. 2.12, the scattering functions for molecular rotations in each rotational

state are
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Scoh
rot (Q, ω)i,f = pi(T )gigf

∞∑
l=0

(2l + 1)j2
l (kr)

× F i,j
l δ(�ω + Ef − Ei)× e−γrotQ2

,

Sinc
rot (Q, ω)i,f = pi(T )gigf

∞∑
l=0

(2l + 1)j2
l (kr)

×Gi,j
l δ(�ω + Ef − Ei)× e−γrotQ2

. (2.13)

Here gi and gf denote the degeneracy of the initial and final states and F i,j
l

and Gi,j
l are transition integrals between the initial and final states which were

calculated in Ozaki’s works [31][32]. The jl(kr) are the spherical Bessel functions.

The r stands for C−H distance within a methane molecule (r = 1.093 Å) and γrot =

2.15 × 10−4 nm2 represents an effective Debye-Waller factor, whose value we take

from previous work by Grieger et al. [33].

After summing over all initial and final states, the complete expression for the

scattering function for molecular rotations in solid methane including coherent

and incoherent parts is

Srot(Q, ω) =
∑
i,f

(Scoh
rot (Q, ω)i,f + Sinc

rot (Q, ω)i,f ). (2.14)
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Intermolecular Vibrations : Multi-phonon Excitations

The incoherent scattering from a Bravais lattice due to one-phonon processes is

d2σ

dΩdE
=b2

inc

∑
q,s

kf

ki

δ(�ω ± �f)
∣∣Q ·V∣∣2

× �(n+ 1
2
± 1

2
)

2Mf
× e−γtranQ2

, (2.15)

where Q denotes momentum transfer and V is the polarization vector for each

phonon mode[10]. The model parameter is γtran = 2.08 × 10−4 nm2 which was

found from fitting the experimental neutron scattering cross section data across 10

meV over all temperatures.

If
∣∣Q ·V∣∣2 in Eq. 2.15 is replaced by

∣∣Q ·V∣∣2 where the bar denotes that an

average over a constant frequency surface has been taken, the incoherent cross-

section may be written as

d2σ

dΩdE
=b2

inc

∫ ∞

0

dfz(f)
kf

ki

∣∣Q ·V∣∣2
× �(n+ 1

2
± 1

2
)

2Mf
× e−γtranQ2

δ(�ω ∓ �f), (2.16)

where z(f) is the frequency of the phonon mode and cubic symmetry has been

assumed.
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Since phonons of different wave vectors are independent in the incoherent ap-

proximation, the generalization of one phonon scattering to the multi-phonon case

in this approximation is straightforward. We considered different phonon modes

which change their population by±1 and thus the n-phonon cross section contains

a product of n-factors of type
∣∣Q ·V∣∣2 |φ|2. It can be shown that the cross-section

for neutron scattering is

d2σ

dΩdE
=b2

incN
kf

ki

1

n!

n∏
i=1

(∫ ∞

−∞
df

z(fi)

fi

�
2Q2/2M

e
�fi
kiT

−1

)

× e−γtranQ2

δ(�ω +
∑

i

�fi). (2.17)

Using the Debye approximation, it is possible to carry out the necessary inte-

grations to obtain the cross-section σinc
n . The total inelastic incoherent cross-section

is then given by

σinc
inelastic =

∞∑
n=1

σinc
n . (2.18)
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The scattering function Strans(Q, ω) is now written as

Strans(Q, ω) =
∞∑

n=1

Sn
trans(Q, ω)

=
∞∑

n=1

1

n!

n∏
i=1

(∫ ∞

−∞
df

z(fi)

fi

�
2Q2/2M

e
�fi
kiT

−1

)

× e−γtranQ2 × δ(�ω +
∑

i

�fi). (2.19)

Intramolecular Vibrations

From the simple harmonic oscillator model[53], the scattering function for in-

tramolecular vibration is

Svib(Q, ω) =
1

2π�

∫ ∞

−∞
dt exp(−iωt)

× 〈exp(−iQ · r̂)exp {iQ · r̂(t)}〉 . (2.20)

To calculate the response function for our model, we need to calculate the cor-

relation function,
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〈exp(−iQ · r̂)exp {iQ · r̂(t)}〉

=
∏

α=x,y,z

〈exp(−iQα · r̂α)exp {iQα · r̂α(t)}〉

= exp {− 〈(Q · r̂)〉+ 〈(Q · r̂) {Q · r̂(t)}〉} . (2.21)

For an isotropic harmonic oscillator,

〈(Q · r̂) {Q · r̂(t)}〉 = �Q2cosh
{
ω0(it+

1
2
�β)

}
2Mω0sinh

(
1
2
�ω0β

) . (2.22)

On setting t = 0, we find on the right side of the Eq. 2.22,

〈
(Q · r̂)2〉 = (

�Q2

2Mω0

)
coth

(
1

2
�ω0β

)

= 2W (Q) = γvibQ
2. (2.23)

Using the identity,

exp (ycosh(x)) =
∞∑

n=−∞
exp(nx)In(y) (2.24)
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where n is an integer and In(y) = In(−y) is a Bessel function of the first kind. Using

x = ω0(it+
1
2
�β) and y = �Q2

2Mω0sinh( 1
2

�ωβ)
, the correlation function becomes

exp 〈(Q · r̂) {Q · r̂(t)}〉 =
∞∑

n=−∞
In(y)exp

{
nω0(it+

1

2
�β)

}
. (2.25)

We obtain the scattering function of the vibrational mode as

Svib(Q, ω) = exp(−γvibQ
2 +

1

2
�ωβ)

∞∑
n=−∞

In(y)δ(�ω − n�ω0) (2.26)

where ω0 is normal vibration frequency. A methane molecule has four normal

vibrations with characteristic energies of �ω0 = 168, 172, 376, and 391 meV [54].

The model parameter, γvib = 0.31 × 10−4 nm2, was calculated from Eq. 2.23 using

the first two characteristic energies �ω0 = 168, 172 meV.

2.4 Results and Discussion

Scattering Function S(Q, ω) of Solid Methane

The total scattering function of solid methane is the convolution of scattering

functions of the three different modes. In our approximate model, we treat this

total scattering function as the linear combination of each scattering function in Eq.
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Figure 2.4: 3D plots of the dynamic structure factor S(Q, ω) for solid methane in
phase II at 20 K, 4 K and 0 K. There are three peaks labeled as 1, 2 and 3. Peak 1 cor-
responds to orientational tunnelings in D2d symmetry and low energy excitations
in Oh symmetry. Peak 2 comes from rotational librations in D2d and high energy
excitations in Oh. Peak 3 represents the multi-phonon scattering.
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2.7, Eq. 2.8, and Eq. 2.9 depending on incident neutron energy as mentioned in Eq.

2.10. This is an approximation to calculate the total scattering function in which

each different scattering mode dominates in different neutron energy regimes. We

show the 3D plots of S(Q, ω) at 20 K and 4 K as a function of momentum transfer

(Q = 0 ∼ 10Å−1) and energy transfer (�ω = 0 ∼ 20 meV) in Fig. 2.4(a) and Fig.

2.4(b). Based on our assumption in Section 2.2, the scattering function of solid

methane at T = 0 K is also presented in Fig. 2.4(c).

In these figures, the two peaks with lower energy transfer (0 ≤ �ω ≤ 10 meV),

labled as 1 and 2, represent energy and momentum transfers from the orientational

modes. The long hump around �ω ≈ 12 meV comes from multi-phonon excita-

tions. For lower temperatures, the overall probability for energy transfer from the

rotational mode is increased while the energy transfer from multi-phonon scatter-

ing is suppressed as the temperature drops. The integrated intensity in the three

peaks for different temperatures is listed in Table.2.1

The main difference of S(Q, ω) at 0 K from 20 K and 4 K is the scattering prob-

ability in the low (Q, ω) region labeled as peak 1. It increases by 40% at 0 K from

4 K and 20 K. On the other hand, the intensity of peak 2 reduces by 20% and peak

3 changes less. The reason is that, as the temperature lowered below 4 K, the spin

conversion begins to occur among the tunneling levels of different symmetry and

the ground state with A (I = 2, J = 0) symmetry become increasingly populated.
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T(K) Peak 1 Peak 2 Peak 3
20K 13 32 55
4K 14 32 54
0K 18 28 54

Table 2.1: The relative intensity (%) of the three peak regions for S(Q, ω) of phase II
solid methane at 20K, 4K and 0K. The identification of each peak is shown in Fig.
2.4.

Consequently, this makes the A → T transition more intense[42].

Generalized Frequency Spectrum

The dynamics of a given system can be described by establishing the corre-

sponding space-time correlation functions G(r, τ). If the system includes a large

number of particles, one can use the statistical independence of widely separated

particles and assume that if the particle B is far distant from particle A, one can

forget about the existence of the neighboring particles.

For small r and τ , it is expected, on general grounds, that the important part

of the scattering law for neutron thermalization is the self-term Gs(r, τ) defined as

the Van-Hove self-correlation function

Gs(r, τ) =
1

N

〈∑
n

∫
v

dr
′
δ(r + rn(0)− r

′
)δ(r

′ − rn(τ))

〉
, (2.27)
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which gives rise to the scattering function

S(Q, ω) =
1

2π

∫
ei(Q·r−ω·τ)Gs(r, τ)drdτ. (2.28)

Eq. 2.27 is the velocity-velocity correlation function for the motion of an atom

in the medium[55]. The interpretation of this function as a generalized frequency

spectrum is as follows: one imagines that the velocity of an atom is measured at

certain time t1. Then its velocity is remeasured at a later time t2. The product

of these two velocity measurements is taken and averaged over all values of the

velocity which may be generated by thermal excitation of the system to define the

function P (ω)[56].

⎛
⎝ω2exp

(
− �ω

2kBT

)
S(Q, ω)

Q2

⎞
⎠

Q→0

=
exp

(
− �ω

2kBT

)
2π

∫ ∞

−∞
〈vQ(0)vQ(τ)〉 eiωτdτ

=
kBT

2M
P (ω). (2.29)

The function P (ω) defined in this way is a complex function and its real and
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Figure 2.5: The frequency spectrum of solid methane at temperatures of 20 K (dot-
ted line), 4 K (short dashed line) and 0 K (long dashed line) extracted from our
model. The Harker & Brugger spectrum at 22 K (solid line) was inferred from an
experimental measurement [34].

imaginary parts are related to the P (ω) as

Im 〈vQ(0)vQ(τ)〉 = �

2M

∫ ∞

0

ωρ(ω)sin(ωτ)dω

Re 〈vQ(0)vQ(τ)〉 = kBT

2M

∫ ∞

0

P (ω)cos(ωτ)

cosh(�ω/2kBT )
dω, (2.30)

where ρ(ω) = P (ω) sinh(�ω/2kBT )
�ω/2kBT

is the generalized frequency spectrum, with nor-

malization condition
∫∞

0
ρ(ω)dω = 1. For a solid, the function ρ(ω) is the same

as the frequency distribution. In solid methane, the frequency spectrum repre-

sents all characteristics of the rotational, translational and vibrational behaviors of

a molecule[55]. The total excitation spectrum is an additive as shown in Eq. 2.6.
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Figure 2.6: (a) The total neutron scattering cross section of solid methane at 20 K
(long dashed line), 7 K (dot-short dashed line), 4 K (short-long dashed line) and 2.6
K (dot-long dashed line) calculated from the model, compared to the measurement
data from Grieger et al.[33]. (b) The separation of elastic and inelastic neutron
scattering cross section at each temperature.
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Fig. 2.5 shows the frequency spectra of solid methane at three temperatures in

phase II, 20 K, 4 K and 0 K, compared with the 22 K Harker & Brugger’s frequency

spectrum[34]. We plotted these spectra up to E ≈ 22 meV which means this plot

includes only orientational and phonon modes. The black solid line is the Harker&

Brugger’s frequency spectrum at 22 K which was generated by interpolation from

neutron scattering data in 1960 [34]. The red dotted line is the frequency spectrum

at 20 K. The blue short-dashed line is at 4 K, and the light blue long dashed line

is at 0 K. The frequency spectra are computed from our model. The first peak

around 2 meV in the frequency spectrum at 20 K, 4 K and 0 K represents the linear

superposition of the energy excitations from ground and the first excited rotational

energy states to higher states in Oh molecules and the tunneling among ground

state multiplets (three lowest states) in D2d molecules. The second peak comes

from the linear superposition of energy excitations to the higher rotational states

in Oh molecules and the librational states in D2d molecules. The final peak around

12.9 meV is a multi-phonon mode corresponding to the Debye temperature of solid

methane (TD = 145 K)[57]. The multi-phonon scattering and higher excitations in

orientational modes are suppressed at low temperature. However, the transition

probabilities from ground state in the free rotor state increase, and the tunneling

probabilities among ground state multiplets in hindered rotor also become larger.
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Figure 2.7: The S(Q, ω) for free rotation and phonon modes. The origin of the three
peaks is descibed in the caption to Fig. 2.4(c).
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Total Neutron Scattering Cross Section

We compared our model with the measured total cross section for methane in

phase II as a function of neutron energy. In the low neutron energy limit, the total

cross section is mainly due to elastic scattering from free and hindered rotors. We

calculated the elastic coherent and incoherent scattering of hydrogen from Ozaki

[31][32]. For 10 meV ≤ En ≤ 100 meV, σtot mainly depends on translational excita-

tion. In the higher energy region, the vibrational excitation becomes more impor-

tant than the rotational and translational scattering.

Fig. 2.6 shows the total neutron scattering cross section at 20 K, 7 K, 4 K and

2.6 K. The theoretical calculations are compared to the measured data at 20 K, 7 K

and 2.6 K[19]. Around En = 10 meV, the total cross section is almost temperature

independent. For lower neutron energies, the total cross section depends strongly

on temperature. The increase of the cross section from En = 10 meV down to

En = 0.1 meV is about 150 barns at 20 K and 300 barns at 2.6 K. Independent of

temperature, above En = 10 meV, the cross section decreases from 200 barns to 100

barns around En = 100 meV and then converges to 80 barns, which is the single

free hydrogen scattering cross section, for large En.
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Figure 2.8: The S(Q, ω) for hindered rotation and phonon modes. The origin of the
three peaks is described in Fig. 2.4(c).
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Contribution of the Two Orientational Modes to S(Q, ω)

Our model can be used to understand the relative importance of free and hin-

dered rotations for neutron moderation in solid phase II methane. We assumed

that one of the two types of rotational modes in phase II of CH4 could be turned

off in our model so that the rotational degrees of freedom was either a completely

free mode or a completely hindered mode, with the multi-phonon scattering and

vibrational modes unchanged. Part of the motivation to consider this possibility

comes from the fact that it is known that hindered rotation can disappear in cer-

tain argon-methane mixtures[58], and it is therefore of interest whether or not the

higher inelastic cross section for the free rotor modes possible in such a system

justifies its investigation as a possible moderator medium.

Fig. 2.7, 2.8 show the scattering functions at 20 K, 4 K and 0 K for free rotations

and tunnelings/librations respectively. From these plots of S(Q, ω), one can see

immediately the significantly greater spectral weight present at low energy trans-

fers in the free rotor spectrum (Fig. 2.7, compared to the hindered rotor/tunneling

spectrum in Fig. 2.8). At the same time, the hindered rotation mode produces two

separate contributions to the scattering function corresponding to the orientational

tunneling at low energies and the librations in the high energy region.

These features are also present in the frequency spectrum plot in Fig. 2.9. The
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Figure 2.9: The frequency spectra of solid methane in free rotation and hindered
rotation at 20 K (dotted line), 4 K (short-dashed line) and 0 K (long-dashed line).
The Harker & Brugger spectrum was measured at 22 K.
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spectral weight in the free rotation mode is roughly twice that in the hindered rotor

mode in the low Q limit. The scattering intensity from librations of the hindered

rotors is also low. This higher probability for inelastic scattering from the free ro-

tors is primarily responsible for the larger neutron inelastic scattering cross section

at low temperatures in Fig. 2.10. We also note from Fig. 2.7 and 2.8 that the scatter-

ing probability for the free rotation and tunneling modes increases with decreasing

temperature while that of the librations falls considerably from 20 K to 0 K. There-

fore, it is clear from our studies that the small number of free rotors in phase II

of solid methane are more important to the cold-neutron moderation properties of

methane below 20K than are the librations and tunneling modes contributed by

the hindered rotor sites.
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Figure 2.10: (a) The total neutron scattering cross section from the free rotation
mode and the hindered rotation mode in solid methane with multi-phonon mode
at 20 K, 7K, 4 K and 2.6K. (b) Elastic neutron scattering cross section at each tem-
perature. (c) Inelastic neutron scattering cross section at each temperature.
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Measurements of the Neutron

Brightness at LENS

Measurements of the neutron brightness from a solid methane moderator were

performed at the Low Energy Neutron Source (LENS) at the Indiana University

Cyclotron Facility (IUCF) to characterize the source and to test our new neutron

scattering model of phase II solid methane[59]. A time-of-flight method was used

to measure the neutron energy spectrum from the moderator in the energy range

of 0.1 meV∼ 1 eV. Neutrons were counted with a high efficiency 3He detector. The

solid methane in the moderator occupied phase II and the energy spectra were

measured at 20 K and 4 K. We tested our newly-developed scattering kernels for

phase II solid methane by calculating the neutron brightness expected from the

57
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methane moderator at the LENS neutron source using MCNP (Monte Carlo N-

particle Transport Code). Within the accuracy of our approximate approach, our

model correctly predicts the neutron brightness at both temperatures.

3.1 Introduction

The Low Energy Neutron Source (LENS) at the Indiana University Cyclotron

Facility (IUCF) is a university based pulsed cold neutron source designed for ed-

ucation, research and neutron instrument development. LENS produces neutrons

from low energy (p,xn) reactions in Be target[60]. LENS possesses a cold neutron

moderator to convert the MeV neutrons from the Be target to slow neutrons with

an energy spectrum and pulse widths suitable for neutron scattering experiments

in condensed matter[23]. Elastic scattering from hydrogen atoms at rest in the re-

flector reduces neutrons from MeV to eV energies[61]. The moderator is primarily

responsible for lowering the neutron energy from ∼eV to the energy range of 10

meV∼0.1 meV of primary interest for neutron scattering.

Solid methane is the brightest known moderating medium for pulsed cold neu-

tron sources. This is because of its high hydrogen density and the presence of free

rotor modes in the solid at low temperatures. The free rotor excitation offers a

mode of energy loss to the neutrons with relatively high neutron cross section not
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present in most other cold hydrogenous materials. Unfortunately, its use at high

power spallation neutron sources is constrained by engineering difficulties asso-

ciated with the radiation damage and hydrogen production in solid CH4 in the

intense radiation field near the spallation target [62][63]. The radiation damage at

lower power pulsed cold neutron sources such as LENS can be low enough that

one can operate the moderator at low temperatures for extended periods of time

and at temperatures that are lower than practical at higher-power sources.

Most neutron source facilities which use solid methane as a moderator choose

not to operate the moderator below 20 K. For temperatures below 20 K, solid

methane enters a phase (called phase II) in which only 1/4 of the rotational modes

remain free while the remaining 3/4 of the modes undergo librations and tunnel-

ing motions. Since phase I possesses free rotor modes for all sites whereas 3/4

of these free modes are frozen in phase II, it is not obvious that the colder spec-

trum that one might be able to achieve by operation of the moderator at lower

temperatures can be realized in practice due to the loss in free rotor modes. It was

observed that the effective temperature of the neutron spectrum, which is typically

about a factor of two larger than the physical moderator temperature for most cold

neutron moderators, showed strong deviations from the physical temperature of

the methane in phase II[64] (see also Fig. 1.2 ). Furthermore, at high-power neu-

tron sources it is necessary at some point to warm and refreeze the moderator to
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release radiation damage energy stored in the lattice in a controlled way before

a spontaneous recombination occurs which can produce high transient pressures

and burst the moderator vessel [65]. The added inconvenience of repeatedly cy-

cling the moderator through the solid-solid phase transition at 20K between phases

I and II in the course of releasing the stored energy from radiation damage, com-

bined with the belief that only small changes in the neutron spectrum are to be

expected from operation in phase II, accounts for the 20 K operating temperature

chosen by most sources.

However, the LENS neutron source operates in a qualitatively different regime.

Since it is based not on spallation nor on fission, but rather uses (p,xn) reactions in

a Be target and because the time-averaged neutron production is somewhat lower

than typical reactor and spallation sources, it is practical to operate the moderator

at much lower temperatures and with greatly reduced radiation damage effects

compared to other sources. This possibility allows for the operation of a methane

moderator at low temperatures well into the phase II regime.

Since no present cold neutron moderators using solid methane operate in phase

II, existing neutron scattering kernels do not consider the modification of the neu-

tron scattering dynamics which should occur in solid methane as a result of this

phase transition. This circumstance motivated us to construct a model which de-

scribes the physics of all the scattering processes in phase II. The model can be
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used as a scattering kernel to calculate the LENS moderator brightness and to es-

timate the moderator brightness in different conditions. We have developed an

approximate model of S(Q, ω) for solid methane in phase II which is consistent

with the known spectroscopy of the low energy modes and the measured neutron

total cross section[59]. This model was presented in Chapter 2.

In this chapter, we describe our measurement method, present the experimen-

tal results for the moderator brightness measurements from the LENS solid CH4

moderator in phase II at temperatures of 4 K and 20 K, and compare the mea-

surements with MCNP simulation using our newly-developed scattering kernel.

The remainder of this chapter is organized as follows. Section 3.2 reviews the

physics of spin conversion in solid methane in phase II which influences our pro-

cedure for filling and cooling the moderator. Section 3.3 describes the experimen-

tal details of the neutron spectrum and brightness measurements at temperatures

of 4 K and 20 K. Section 3.4 describes the theoretical calculations and shows the

comparison to experiment. Section 3.5 applies this model to investigate the op-

timum moderator thickness for the solid methane moderator for the LENS tar-

get/moderator/reflector (TMR).
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3.2 Solid Methane in Phase II: Spin Conversion

The CH4 molecules in solid methane may be viewed as quantum mechanical

spherical rotors. At temperatures below ∼20 K (phase II), the methane in this

phase consists of two sublattices. One fourth of the molecules rotate almost freely.

The lowest energy levels are at 0, 1.09 and 2.56 meV. The remaining 3/4 of the

molecules librate in the deep minima of a strong orientational potential and form

a threefold multiplet with levels of 0, 0.16 and 0.24 meV associated with tunneling

motion between orientational minima. The librational state energies are present

at 6.5 meV and above. As a consequence of the Pauli principle as applied to the 4

identical protons in the CH4 molecule, each rotational state of symmetry A,T and E

are associated with a definite total spin of the four protons, I = 2, 1, 0 respectively.

Transitions between levels of different symmetry, which require a change in the

spin state of the protons, cannot be induced by phonon interactions alone but must

be mediated by spin-dependent interactions such as the weak dipole-dipole inter-

action among protons. As a consequence, the spin system shows very slow relax-

ation to thermal equilibrium after a sudden change of the lattice temperature[50].

Fig. 3.1 and 3.2 show the relative populations of the CH4 molecules in the

free rotation and hindered rotation groups. These spin populations are calculated

assuming a Boltzmann distribution. As the temperature is lowered, the ratios
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Figure 3.1: The spin population of the free rotation mode

change little from their room temperature values even at the melting point of solid

methane (∼90.6 K). The approximation by a two energy state system in free rota-

tion and a three energy state system in hindered rotation is justified at low temper-

ature due to the weak population of higher excited states[66]. The spin distribution

function is

Pi = gi
exp(−Ei/kBT )∑
i

exp(−Ei/kBT )
(3.1)

where gi is occupation number of each state.

It has been noticed in several experiments that methane shows only slow re-

laxation of the spin system even after the change of the lattice temperature. This

phenomenon is well understood. The theory of nuclear spin conversion was first
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Figure 3.2: The spin population of the hindered rotation mode.

developed for the ortho-para transition of hydrogen and later was extended to

solid methane by Nijman & Berlinsky[29]. The importance of the spin-spin inter-

action had already been shown by Curl et at.[67]. The effect of paramagnetic O2

impurities had been discussed by Kim et at.[68].

Nijman & Berlinsky have explained the physics behind the conversion process

at a microscopic level. Rates of the conversion from T → A symmetric states are

evaluated using the Fermi golden rule,

α =
1

τ
=
2π

�

∑
i,f

Pi | 〈Ψf | H tr | Ψi〉 |2 δ(Ei − Ef ). (3.2)

The perturbation operator H tr couples different initial and final states | Ψi〉 and
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| Ψf〉. E denotes the energy of the states and Pi the relative occupation of the

initial state. There have to be at least two different kinds of interactions to induce

a conversion process from one spin species to another. For energy conservation,

the coupling to phonons has to be considered. Additionally spin states have to

be changed. This requires the presence of magnetic field gradients, i.e. unpaired

electrons (e.g. O2 impurities) or dipole-dipole interactions of protons[50].

The calculation of the total neutron scattering cross section of rotating molecules

had shown that

σtot ∝ 〈I(I + 1)〉with〈..〉 : thermal average (3.3)

is a good approximation for long wavelength neutrons[50]. Since each rotational

state is related to a distinct total nuclear spin I , σtot is proportional to their occu-

pation number gi in Eq. 3.1. σtot increases with decreasing temperature because

I is higher for the lowest spin levels. The higher temperature limit is determined

purely by the number of protons. In the case of methane, it may include the scat-

tering from free and ordered molecules,

σtot =
1

4
σfree +

3

4
σhindered. (3.4)

Ozaki et at.[31] have calculated the absolute value of the total neutron scattering
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cross section for methane in this phase.

Both the liquid-solid and solid-solid phase transitions, which can lead to nonuni-

formities in the solid methane density, and the sensitivity of the neutron scattering

in methane to the spin state of the protons can cause difficulties in accurately pre-

dicting the neutron energy spectrum from a practical moderator. To mitigate these

possible problems, we added a small concentration of O2 paramagnetic impurity

to boost the nuclear spin conversion rate, and we cooled the moderator slowly in

an attempt to avoid cracks and holes in the moderator. Cracks and holes in the

moderator may appear during the thermal contraction of the moderator material

and will change the macroscopic neutron cross section. The relative populations of

spin species of both the free rotor and hindered rotor systems affect the total scat-

tering cross section σtot. The conversion rate of two rotational systems are different.

For temperature above∼4 K, the occupation number of the hindered modes are al-

ways near their high temperature limit and consequently the conversion behavior

is dominated by the free rotation mode[50].
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3.3 The Neutron Spectrum Measurement

The Configuration for the Measurement

The LENS neutron source had three neutron beam lines oriented at−20◦, 0◦ and

20◦ relative to the normal surface of the moderator when these measurements were

performed. The neutron spectrum measurements were performed on the beam

line at −20◦. Fig. 3.3 shows the layout for the neutron spectrum measurement.
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Figure 3.3: The systematic view of LENS beamline.

Neutrons were generated in the Be target from 9Be(p,xn) nuclear reactions with

protons. The incident protons are introduced from a commercial linear accelerator

with the energy of 7 MeV. In the linac, protons have square-shaped pulse widths

of 170 μs. The peak current of the linac was 8.5 mA and the frequency of the

accelerator was chosen to be 15 Hz for these measurements. The Be target thickness
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was chosen for its neutron yield and mechanical strength under steady-state and

transient thermal stresses induced by the proton beam[69]. The proton beam of

area 4× 4 cm2 is incident on the target surface at a 45◦ angle.

The moderator is placed right next to the target with a minimum vacuum space

of 5.5 cm. The current design of TMR (Target, Moderator and Reflector) system

has a room temperature light water reflector surrounding the Be target and the

moderator. The cross-sectional area of the moderator was 12 × 12 cm2 and the

thickness of 1 cm was optimized using MCNP model[69] calculation based on the

22 K solid methane scattering kernel “smeth22K”. This MCNP calculation exhibited

a broad maximum from 1 cm to 3 cm. Therefore, we decided to choose a moderator

thickness on the low end of the distribution to minimize the total amount of matter

and, therefore, the neutron and gamma heat load on the moderator. In section 3.6

we revisit this optimization using our improved moderator kernel.

We used a 5.6 m primary flight path for the energy spectrum measurements.

The entrance beam window of the flight tube is 1.4 m from the moderator surface.

The tube was evacuated to a pressure of 0.1 mbar. A beam collimator of 7.62 cm di-

ameter was mounted on the moderator side of the tube and the sample collimator

with 2.54 cm diameter was on the detector side.

The neutrons, which are emitted from the moderator surface, first pass through

1.4 m of air and enter the vacuum tube through a single crystal Si window of 5.82
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mm thickness. The neutrons leave the vacuum tube through a second 5.82 mm

thick Si window and were collimated by a pinhole with 1 cm diameter. A high effi-

ciency 3He detector pressurized to 10 atm was placed 0.05 m past the exit window

of the primary flight path to scan neutron counts. The total neutron flight length

was therefore 5.65 m. The 7 MeV proton linac trigger signal was used to define the

time zero for the time-of-flight measurement of the neutrons.

The Moderator Cooling

We measured the neutron energy spectrum for the solid methane moderator

held at temperatures of 20 K and 4 K. The moderator vessel is made with 6061 alu-

minum and is anchored to a high-purity aluminum rod (99.999%) for cooling with

a mechanical refrigerator. The moderator vessel was connected to the gas handling

system through a gas feed line wrapped with a 50 W wire heater to prevent freez-

ing of the methane. Methane of 99.99% purity was condensed from room temper-

ature with an addition of 1% of O2 gas to ensure the neutron spin relaxation in the

solid phase. The temperature of the moderator was controlled with a wire heater

and an additional 50 W heater on the rod and monitored with two calibrated Cer-

nox temperature sensors which are directly attached to the top and bottom of the

cell. During the measurement, the temperature gradient between the two sensors

was less than 0.1 K.



3. Measurements of the Neutron Brightness at LENS 70

To be successful in minimizing possible cracks and holes in cooling and solid-

ifying the solid methane in the moderator vessel, we followed the general proce-

dures used for single crystal growth. The moderator vessel was first evacuated

to 10−6 mbar at room temperature and cooled to 93 K, which is just above the

crystallization temperature of solid methane. The methane gas was liquified at

this temperature with a 0.5 mbar overpressure. After condensation, the liquid

methane was cooled toward the solidification point at a rate of 1 K/15 min. At

the crystallization temperature, the methane was annealed for 4 hours. The an-

nealed methane was then cooled to 54.1 K. The average cooling rate in this step

was about 0.5 K/min. Then the methane was cooled again toward the solid-solid

phase transition temperature in methane with the same cooling rate and held at

20.4 K for 3 hours to complete the phase transformation. The moderator was then

cooled to 20 K to measure the neutron spectrum. The neutron spectrum measure-

ment at 4 K was performed after we cooled the moderator at a 0.1 K/min rate and

held the moderator at 4 K for 3 hours.
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Data Analysis

Mean Emission Time Correction

We want to extract the neutron energy spectrum from the observed time-of-flight

measurement. Due to effects such as the finite geometry of the moderator and

statistical fluctuations in the moderation process, it is possible for a neutron emit-

ted from the moderator with one energy to overtake a slightly slower neutron that

was emitted earlier. Therefore neutrons with different energies can arrive at the

detector at the same time, which complicates the conversion of time-of-flight in-

formation to neutron energy [21][15].

The neutron energy spectra were calculated from the following formula,

C(t) = A

∫ t

0

dt
′
∫ ∞

0

dEφ(E, t
′
)ε(E), (3.5)

where φ(E, t) is the energy spectrum at time t and ε(E) is the efficiency of the

detector. The number of counts accumulated in each time channel t0 is

dC(t0)

dt0
= A

∫ ∞

0

φ(E, t)ε(E)dE, (3.6)

where C(t0) is the total number of count in the time interval 0 < t < t0 with

t = t0 − L
v

. In the ideal case in which the flight path is very long and the emission
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time distribution from the moderator is narrow one might write

φ(E, t) = φ(E)δ(t0 − L

v
). (3.7)

If we assume that all neutrons of a given energy are emitted from the assembly at

the same instant, this equation can still hold with,

φ(E, t) = φ(E)δ(t0 − τa(E)), (3.8)

where τa(E) is the emission time. The emission time can be defined as

τa(E) =

∫
φ(E, t)tdt∫
φ(E, t)dt

. (3.9)

We relied on an MCNP simulation to determine the mean emission time distribu-

tion from our methane moderator since the neutron intensity at LENS during this

measurement was insufficient to determine it experimentally[69].

When we substitute Eq. 3.8 into Eq. 3.6 and integrate, we find

dC(t0)

dt0
= Aφ(E)ε(E)

2E

t̃

∣∣∣∣1− dτa(E)

dt

∣∣∣∣
t=t0

, (3.10)

where t̃ = t0 − τa(E). In Eq. 3.10, dt0 is now the unit time Δt0 and dC(t0) is
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the counting rate N(Δt0) in the unit time with units of n/s. N(Δt0) should be

background subtracted and normalized. This equation now includes the correction

for the effect of finite emission time. Then, the neutron flux φ(E) is

φ(E) =
N

Δt0Aε(E)2E
t̃

∣∣∣1− dτa(E)
dt0

∣∣∣ (3.11)

with the units of n/cm2/s/meV.

The quantity we used in the paper for the comparison is the neutron spectral

density I(E) from the following relationship,

E × I(E) =
L2

ip
E × φ(E), (3.12)

where the ip is the proton current averaged during the time interval. The neutron

intensity I(E) has units of n/meV/μC/sr.

Data Corrections

The neutron energy spectra were corrected for the effects of attenuation by the 1.4

m length of air gap, the two 5.82 mm Si windows[70], the 0.5 mm of stainless steel

cylindrical detector body and for the efficiency of 3He detector.

The first correction was the attenuation caused by the air gap. Between the
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moderator and the vacuum tube, there was 1.4m length of flight pass filled with

1 atm air which also attenuates the neutron intensity. We assumed that the air

contains roughly 78.1% of Nitrogen, 20.96% of Oxygen and 0.94% of Argon in 1

atm. The attenuation due to the air varies from 11% to 3.8% for 0.1 meV ∼ 1 eV

respectively.

The 4.2 m tube was evacuated with two mechanical pumps during the exper-

iment. In addition, it had two single crystal Si windows on each side which had

a thickness of 5.82 mm. The correction for the Si windows was obtained from an

effective cross section approximation.

The use of large single crystals of various materials like Si as a filter for thermal

neutron beam has long been known[10]. At high neutron energies, greater than

about 1 eV, the total neutron cross-section σt of each of the materials is in the range

of a few barns. But, at lower energies, much of the coherent “Bragg” scattering is

disallowed. Then, the effective cross-section for the single crystal is reduced to the

several contributions: absorption σa, incoherent σinc, coherent inelastic σinel and

any residual Bragg scattering σel. The effective cross section is thus determined by

[70]

σeff = (σa + σinc + σinel + σel). (3.13)

In Table 3.1, we list the relevant cross section of the material we used for the
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correction. The values of σa refers to 1.8Å(25 meV) neutrons.

Element Absorption Incoherent Coherent Total
Al 0.230 0.1 1.469 1.43
Si 0.16 0.02 2.163 2.25
Fe 2.56 0.4 11.22 11.62

Table 3.1: Cross Sections of Elements in unit of (b = 10−24cm2).

All these cross-sections are reasonably well known quantities and are indepen-

dent of orientation, perfection and temperature of crystals. The lowest possible

effective cross section is obtained when the contributions of σinel and σel are elimi-

nated [70],

σeff = (σa + σinc) . (3.14)

The attenuation due to these windows ranges from 12 % to 6.8 % for 0.1 meV ∼

1eV respectively.

The attenuation for the 0.5 mm thickness of stainless steel detector body was

about 10.5% to 2.5% for 0.1 meV ∼ 1eV respectively.

The efficiency of the neutron detector depends on 3He absorption cross section

through the reaction

3
2He+1

0 n →3
1 He+1

1 p, Q = 0.764 MeV. (3.15)
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The thermal neutron cross section for this reaction is 5330 barns for a 25 meV neu-

tron. The detector efficiency for the neutron incident along the 3He detector tube

is approximately given by

ε(E) = 1− exp(−nσal), (3.16)

where n is the number density of the atom, σa is absorption cross section of 3He

at energy E and l is active length of the detector tube. Using Eq. 3.16 we find the

calculated efficiency for the 1 cm diameter tube filled with 10 atm of 3He is 99.14%

at thermal neutron energy (25 meV) but drops to 3.9% at 1 eV. Thus a 3He tube

exposed to neutrons with various energies responded principally to the slow neu-

tron component. Eq. 3.16 slightly over estimates the neutron counting efficiency

because there usually are some regions near the end of the tube in which charge

collection is inefficient. This results in a reduced neutron detection efficiency. This

dead space near the wall was considered in the efficiency correction [71]. The effi-

ciency correction for the dead space near the wall end can be expressed as:

ε(E) = exp(−nσaΔl) [1− exp(−nσal)] , (3.17)

where Δl is the length of dead space at the end of the wall (Δl/l ≈ 0.001 for this

correction)[72].
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Energy Resolution

In time-of-flight measurements, distortions of the spectrum come from the uncer-

tainty of the flight path length (δL), the finite width of the time channels (δtc) and

from the imprecise determination of time zero when neutrons start along the flight

path (δtf )[15]. The contribution to the energy resolution arising from the finite

channel width, the uncertainties in the flight-path length and uncertainty in the

flight time is [15]

δE � E

((
2δtf
tf

)2

+

(
2δtc
tf

)2

+

(
2δL

L

)2
)1/2

, (3.18)

where δtf is the τa(E) and tf is flight time, and δtc is the time channel width Δt0

[15]. For the high efficiency 3He detector, δL = λ(E), the energy-dependent ab-

sorption mean free path of neutrons in the detector. The correction for the spec-

trum distortions gives a slight change for neutrons with energy less than 2 meV.

3.4 Neutron Energy Spectrum Calculation

The MCNP neutron transport code was used to calculate the neutron energy

spectrum. The MCNP scattering kernels were produced using NJOY nuclear data

processing system with the frequency spectrum for solid methane at 20 K and
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4K from our model[59]. We named these kernels “y-smeth20K” and “y-smeth4K”.

The geometry for MCNP simulation was the same as that used for the time-of-

flight measurements. A schemetic view of the TMR (Target-Moderator-Reflector)

is shown in Fig. 3.3. The neutron energy spectra emitted from the moderator was

evaluated by point tally. Fig. 3.4(a) and 3.4(b) show the calculated neutron energy

spectrum at 20 K and 4 K. In the 20 K plot, the neutron energy spectrum calculated

with MCNP scattering kernel at 22 K (smeth22k) from Harker & Brugger frequency

spectrum[34] is also shown. The calculation with the 22 K scattering kernel is close

to our 20 K kernel although there is a difference in neutron energy below 100 meV.

This kernel was used in the initial design of the LENS TMR system[69].

3.5 Results and Discussion

Fig. 3.5 shows the neutron energy spectra from the solid methane moderator

in the LENS TMR system. The neutron energy range extended from 0.1 meV∼

1 eV. The simulations were compared to the measurements at 20 K and 4 K. The

MCNP simulation used new scattering kernels, “y-smeth20K” and “y-smeth4K” at

each temperature. In the 20 K plot, we also present the MCNP simulation with

“smeth22K” which was generated from the frequency spectrum as determined by

a measurement by Harker & Brugger at 22 K. In this figure, we present the data as
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Figure 3.4: The energy spectra of solid methane at 20K and 4K with 1cm moderator
thickness.
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a lethargy plot to allow the difference between the data and calculation at lower

energy to be easily discerned.

The measured neutron energy spectrum at 20 K shows very good agreement

with the MCNP simulation using our “y-smeth20K” kernel throughout the neutron

energy range. The MCNP simulation with “smeth22K” kernel overestimates the

measured intensity in the spectrum in the energy range below 10 meV.

The measured neutron energy spectrum at 4 K agrees with the MCNP simu-

lation with our ”y-smeth4K” kernel in the energy range above 5 meV. There is a

significant difference between data and model in the 4 K case at energies below 2

mV. Fig. 3.6 is the comparison of the measured neutron spectrum at the 20 K and

4 K. It is clear that the 4 K measured spectrum lies slightly below the theoretical

prediction around 2 meV neutron energy.

3.6 Sensitivity of LENS Neutron Brightness to the CH4

Moderator Thickness

In Fig. 3.7, we also present the ratio of neutron spectrum from the 4 K and

20 K moderator temperatures from measurement and from simulation. The ratio
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Figure 3.5: The measured neutron lethargy at 20 K and 4 K compared with the
MCNP calculation using the scattering kernel y-smeth20K and y-smeth4K.



3. Measurements of the Neutron Brightness at LENS 82

0.1 1 10 100 1000

E (meV)

1000

10000

100000

1x106
B

ri
g

h
tn

es
s 

I(
E

) 
(n

/m
eV

/
C

/s
r)

4K O2 Dopping+Slow Cooling
20K O2 Dopping+Slow Cooling

Figure 3.6: Neutron energy spectrum at 20 K and 4 K.

0.1 1 10 100 1000

E (meV)

0

1

2

3

4

5

6

F
lu

x 
R

at
io

 (
4K

/2
0K

)

Calculation
Measurement

Figure 3.7: The ratio of 4 K and 20 K neutron energy spectra.



3. Measurements of the Neutron Brightness at LENS 83

0.1 1 10 100 1000

E (meV)

1000

10000

100000

1x106

1x107

B
ri

g
h

tn
es

s 
I(

E
) 

(n
/m

eV
/

C
/s

r)

20K 1cm
20K 2cm
20K 3cm

(a) 20K

0.1 1 10 100 1000

E (meV)

1000

10000

100000

1x106

1x107

B
ri

g
h

tn
es

s 
I(

E
) 

(n
/m

eV
/

C
/s

r)

4K 1cm
4K 2cm
4K 3cm

(b) 4K

Figure 3.8: The energy spectra of solid methane at 20K and 4K with various mod-
erator thicknesses.
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cancels some common systematic errors in the two measurements and should be

more sensitive to the temperature dependence of the methane moderation physics.

The intensity of cold neutrons is increased for the lower moderator temperature

as one would expect, and the ratio agrees quite well with the expectation from the

MCNP simulation with our new scattering kernels, “y-smeth20K” and “y-smeth4K”.
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Figure 3.9: The neutron energy spectra with 2cm moderator thickness.

We also use these kernels to investigate the relationship of the LENS neutron

spectrum to the methane moderator thickness. We increased the moderator thick-

ness in the MCNP model from 1 cm to 2 cm in our simulation and then to 3 cm and

performed MCNP simulations with our 20 K and 4 K kernels. At 20 K, the shape

of the spectrum is unchanged and the intensity of cold neutrons is reduced by
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about 35% as the thickness is increased from 1 cm to 3 cm. This result implies that

the moderator with 1 cm thickness is the optimal thickness in the 20 K moderator

temperature with our LENS TMR configuration.

As the moderator thickness is increased to 2 cm at 4 K, shown in Fig. 3.8(b), the

neutron spectrum is shifted to a lower energy region and the cold neutron intensity

increases by 20%. With a further increase of the thickness to 3 cm, the cold neutron

intensity decreases. We therefore predict an increase in the cold neutron brightness

from our 4 K solid methane moderator at LENS by about 20% with an increase of

the moderator thickness to 2 cm.



4

Methane Clathrate as a Moderating

Medium for Very Cold Neutron

Source

“Very Cold Neutrons” (VCN) are neutrons in the subthermal energy range be-

low 1 meV which still move quickly enough to form recognizable beams. VCN

beams with sufficient phase space density would be of great interest for scientific

studies in neutron physics and scattering. Existing neutron moderator materials

used for cold neutron sources do not possess a sufficient density of low energy

modes to produce a spectrum with a peak in the VCN regime. We present a study

of the separate contributions of different low energy excitation modes to the neu-

tron moderation and calculate the effective neutron spectrum temperature from
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separate modes as a function of moderator temperature for the LENS TMR ge-

ometry. We suggest an example of an existing material, methane clathrate, as a

possible VCN neutron moderator. Unlike present cold moderator media, methane

clathrate possesses low energy free rotor modes of sufficient density and neutron

scattering cross section at low temperatures to act as a VCN moderator.

4.1 Introduction

Recent progress in cold neutron moderation makes an important contribution

to the improvement in the quality of low energy neutron sources. Using low tem-

perature hydrogenous condensed moderator systems, the intensity of cold neu-

trons with the energy range between 0.1 meV∼5 meV produced in various facilities

has been significantly increased over the last few decades. However, the range of

energies in the spectrum has been almost unchanged for this period of time. Very

recently, several research groups in the world attempted to produce much colder

neutron beams and to search for their application to condensed matter and funda-

mental physics. Among these colder neutrons, the neutrons with the wavelength

longer than 10Å are generally called “Very Cold Neutrons”. So far VCNs have

been usually produced as a “by-product” from ultra-cold neutron (UCN) sources.

They are extracted through bent or curved guide tubes to the experimental area.
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The intensity of VCN is, however, still very low compared with the intensity of

cold neutrons.

The motivating idea behind a very cold neutron (VCN) source is to shift the

neutron energy spectrum into the VCN energy regime while keeping their inten-

sity in this energy regime as close as possible to present cold neutron intensities.

The VCN energy regime is loosely defined as a regime below 1 meV, and its lower

limit is defined in practice by the point at which the effects of the Earth’s gravity

on neutron trajectories are so great that it is no longer possible to produce a rec-

ognizable neutron beam for neutron scattering measurements. Some early studies

of the potential scientific impact and possible source and instrument designs of a

VCN neutron source have appeared in the literature[73]. If intense very cold neu-

tron beams can be realized, they could have a large impact on scientific areas such

as nano science, soft condensed matter and energy related research.

For neutron moderation in the VCN regime, we are typically trying to shift a

broad distribution of neutron velocities to values below 1 meV. As mentioned in

chapter 1, the width of the neutron distributions in phase space that we wish to

cool is typically larger than the range in (Q, ω) space over the moderator medium.

Normally, the intensity of S(Q, ω) is large only in narrow range of (Q, ω) space be-

cause of the presence of well-defined elementary excitations of the medium such

as phonons, magnons, librons, etc. For cooling a broader phase space distribution
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of neutrons to energies in the 100 μeV ∼ 1meV range, it is important for S(Q, ω)

to possess some strength near ω → 0 so that the largest number of neutrons in the

distribution have energy losses ωi in some sequence of collisions S(Q, ωi) that can

allow them to approach Ef → 0. Therefore, the creation of single elementary exci-

tation which can process multi-energy excitations with small ωi may be necessary

in the VCN moderation.

In this chapter, we present the characteristics of neutron slowing-down in con-

densed matter moderator medium with different excitations. These considerations

guide the search for improved neutron moderating media into some obvious di-

rections. From this study, we suggest that methane clathrate can be an excellent

candidate for a VCN moderator medium. Methane clathrate is a nonstoichiomet-

ric inclusion of methane in an ice cage. The interesting feature of the motion of

the methane molecules in this matrix is that, to a reliable approximation, it is close

to that of a free 3D rotor. The dynamics of the methane motion in this material is

actually simpler than that for the motion of solid methane in phase II, in which 1/4

of the methane molecules are on lattice sites that allow free rotation and 3/4 are

in positions which possess hindered rotations. Recently we have completed a mi-

croscopic theory for the dynamic structure factor S(Q, ω) of CH4 in phase II whose

predicted moderator spectra are in good agreement with measurements performed
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at the Low Energy Neutron Source (LENS) at the Indiana University Cyclotron Fa-

cility (IUCF)[59]. We have adapted our theory for CH4 in phase II to the dynamics

of CH4 in clathrate based on the neutron scattering information provided in recent

work on this material.

4.2 The Effective Neutron Spectrum Temperature

Our search for very cold neutron moderator material was motivated by a need

to increase the neutron intensity below 1 meV. McReynold and Whittermore[19]

first studied the cold neutron spectra and the effective neutron temperature of

methane and hydrogen for the pulsed cold neutron source with limited results.

Inoue et al.[22] studied several cold neutron moderator materials for their capa-

bility to produce appropriate spectral shapes and sufficient cold neutron gains in

moderator operation. This study included methane, ethane, hydrogen and light

water at various temperatures down to 15K.

All neutron spectra exhibited their own characteristic shapes due to the differ-

ent threshold of the excitation in molecular motion of moderator materials. The

behavior of the effective neutron spectrum temperature of three different moder-

ator materials as a function of moderator temperature were presented as shown
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in Fig. 4.1. The neutrons seemed to be prevented from reaching thermal equi-

librium with the moderator. It was suspected that this phenomenon was mainly

caused by the ineffectiveness of the smallest energy transfer mechanism available.

Among the neutron spectra, the one from solid methane at 12K showed the lowest

spectrum temperature (∼20K).
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Figure 4.1: Effective neutron temperatures of three moderator materials as a func-
tion of moderator temperature from Inoue et al.[22].

At about the same time, Utsuro[11][38] developed an analytical approach to

understand the neutron slowing down process in moderator material. In his pa-

pers, Utsuro attempted to derive the effective neutron spectrum temperature in a

cold moderator from the separate collective modes of the moderator material such

as inter-molecular lattice vibrations and intra-molecular rotations. As pointed out
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by Inoue[22], cold neutron moderation and the formation of the spectral peak in

cold moderator were strongly affected by the excitation giving the smallest energy

transfer.

In the present chapter, we investigate the relationship between the moderator

temperature and the spectrum temperature of cold neutrons slowed down by in-

dividual collective modes of the moderator material in the LENS TMR geometry.

This relation was formulated by Utsuro in high temperature limit[11] and also ex-

perimentally examined by Inoue down to 20K limit[22]. It was claimed by Inoue

that there is a certain limit of the neutron spectrum temperature below which it

couldn’t be lowered even if we lower the moderator temperature further. Thus,

the present work addresses an important issue for very cold neutron moderation.

In condensed matter systems at low temperature, only a few elementary ex-

citations are responsible for the internal energy of the system, including intra-

molecular vibrations, inter-molecular lattice translations and intra-molecular ro-

tations.

The intra-molecular vibrations form the optical branch of lattice vibrations.

These optical branches are characterized by relatively narrow frequency bands

which can approximately be represented by a single frequency in frequency spec-

trum. The excitation energy of vibrations is in most cases larger than the energy of
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cold neutrons. For example, solid methane has four normal vibrations with charac-

teristic energies of �ω0 = 168, 172, 376 and 391 meV [54]. These are rather effective

at cooling neutrons to the energy range of ∼ eV.

In addition, the inter-molecular translational motions have a broad band of

low frequency acoustic branch of lattice vibrations in the solid. These provide a

slowing-down mechanism effective for cold neutron moderation in many moder-

ator media.

However, it is no longer effective for very cold neutron moderation. Utsuro[11]

showed the neutron spectrum temperatures as a function of Debye temperature

of the solid which is a useful average characterization of lattice vibration energy

considering the neutron moderation only by phonon creation. This study indicates

that the neutron slowing-down by lattice vibration loses its effectiveness in shifting

the neutron spectrum temperature to the very cold energy regime (En < meV).

On the other hand, there are intra-molecular single particle rotations with mul-

tiple excitations spectrum which play an important role in the further slowing-

down of cold neutrons. In some materials, the rotational motions are weakly hin-

dered so that their motion is almost free. In other cases, this motion is strongly

hindered by the crystal field so that they show tunneling among rotational ground

states or libration in higher energy states. Inter-molecular rotation in solid methane

is one of the most weakly hindered cases due to the high symmetry of methane
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molecule.

Solid methane in phase I (T > 20 K) has an almost free rotational mode. How-

ever, in the low temperature phase, solid methane has two different rotational mo-

tions at the same time. While solid methane shows a mix of ordered and dis-

ordered states with respect to its rotational motion below 20 K, the orientation-

ally disordered symmetry still provides low-lying energy levels of free rotation in

molecules even at T ∼ 0 K.

Recently, we developed a microscopic model of neutron structure factor of solid

methane in phase II[59]. Using this model, we could study the separate contribu-

tions of individual collective mode in solid methane to the inelastic cross section in

the cold energy regime. We tested this model by calculating the neutron brightness

expected from the solid methane moderator at 20 K and 4 K using the Monte-Carlo

MCNP code. Our model correctly predicted the neutron brightness of the LENS

moderator at both temperatures.

We apply this model to study the effective neutron spectrum temperature as a

function of solid methane moderator temperature in a low temperature limit. The

geometry we used for this study is based on the TMR assembly of the Low Energy

Neutron Source (LENS) at Indiana University Cyclotron Facility (IUCF). The de-

tails of this setup are described in Ref. [69]. Our neutron flux simulations started

from a 2 cm thickness moderator with a 12cm × 12cm surface area since it was
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shown in our previous works described in chapter 3 that the neutron brightness

with 2 cm thickness of the moderator has the most intensity at the lower tempera-

ture.

First, the neutron brightness from solid methane moderators at 10 K, 7 K and

4 K were calculated to find the effective neutron spectrum temperatures. We as-

sumed the total nuclear spin relaxation for the protons in CH4 in the simulation.

The neutron brightness for the three different moderator temperatures are plotted

in Fig 4.2.
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Figure 4.2: Neutron spectra of solid methane moderator at low temperatures.

In the neutron spectra plot, the spectrum temperatures converge to a 19.7K

Maxwellian temperature of the neutron spectrum as the moderator temperatures
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are lowered. This means that even though we cool further down the solid methane

moderator below 4K, we may not expect further spectrum temperature shifts. This

is because the inter-molecular vibrations strongly hinder the neutrons slowing

down so that this mode no longer contributes to neutron moderation. This is also

consistent with what Utsuro[11] claimed in the relationship of neutron tempera-

ture with Debye temperature of solid. Solid methane has a 145K Debye tempera-

ture, and the limiting temperature of 150K Debye temperature is about 20K in his

calculation.

Next, we separate the excitation modes, which solid methane has in the low

temperature limit, into four different combinations of modes: hindered rotation

and phonon mode, hindered rotation only mode, free rotation and phonon mode

and free rotation only mode. We include intra-molecular vibrations in all cases

since it is due to the intrinsic motion of single molecules and therefore must be

always present. The thickness of moderator was varied from 1cm up to 3cm.

Fig. 4.3 shows the neutron brightness in the four different excitation modes

of solid methane at 4 K. Fig. 4.3(a) and 4.3(b) present the neutron spectrum from

hindered rotation with phonon and without phonon, resepctively. In these cases,

the neutron brightnesses are the same as normal solid methane at 4 K or even less

in the case of hindered rotation with phonon mode. For the cases of free rotation
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(a) 4K Hindered Rotor and Phonon

0.1 1 10 100 1000

E (meV)

1000

10000

100000

1x106

1x107

B
ri

g
h

tn
es

s 
I(

E
) 

(n
/m

eV
/

C
/s

r)

4K 2cm
4K Hindered 1cm
4K Hindered 2cm
4K Hindered 3cm

(b) 4K Hindered Rotor

0.1 1 10 100 1000

E (meV)

1000

10000

100000

1x106

1x107

B
ri

g
h

tn
es

s 
I(

E
) 

(n
/m

eV
/

C
/s

r)

4K 2cm
4K Free and Phonon 1cm
4K Free and Phonon 2cm
4K Free and Phonon 3cm

(c) 4K Free Rotor and Phonon
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Figure 4.3: Neutron brightness from different combinations of excitation modes in
solid methane at 4 K.
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with and without phonon modes, Figs. 4.3(c) and 4.3(d), respectively show a sig-

nificant improvement of the neutron brightness at the energy range below 1 meV.

In both cases, the neutron brightness shows the maximum intensity with the 2cm

moderator thickness. The relative comparison of these four different combinations

of modes in solid methane at 4 K with 2cm thickness is presented in Fig. 4.4.
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Figure 4.4: Neutron spectra of solid methane moderator with different excitation
modes at 4 K.

The effective spectrum temperature of each case is fitted with a Maxwellian

distribution,

φM(E) =
1

(kBT )2
E exp

(
− E

kBT

)
, (4.1)

where kB is Boltzmann’s constant and T is the absolute temperature of the mod-

erator. This is the distribution for thermodynamic equilibrium between neutrons
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and moderator. Fig. 4.5 shows the effective neutron spectrum temperatures in

each case together with solid methane at 12 K from Inoue et al.[22]. The effective

neutron spectrum temperature from solid methane at 4 K moderator temperature

is around 19K. However, with only free rotation mode of solid methane at 4 K, the

spectrum temperature can be shifted to∼12 K. This is because the multiple energy

excitations spectrum of free rotations in solid methane provides more effective

energy transfer to a broader range of incoming neutrons with small transferring

energies (∼ 1meV). Even though the hindered rotations have similar excitation

spectrum, this mode is mainly separated into two branches, tunneling modes and

librations. The tunneling levels among ground states are still too small in energy

(0.1 ∼ 0.2 meV) and the librations are too high in energy (∼ 6.5 meV) so that the

hindered modes are actually effective only for a limited energy range of incom-

ing neutrons. Therefore, the almost free (weak hindrance) and intense rotational

motions are the desired modes for very cold neutron moderation.

4.3 Methane Clathrate Hydrate

Almost free quantum rotations of the methane molecule even in a solid state

are a rare phenomenon and only a few other materials share this property[35].
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Figure 4.5: Effective neutron temperatures of four different modes of solid methane
at 4K moderator temperature compared with data from Inoue et al.[22].

Clathrate Hydrates are a special class of inclusion compounds, in which small hy-

drophobic guest molecules or atoms are trapped in a cavitiy formed by an ice-like

host lattice of water molecules[74]. The cavity is large enough to cage only a single

guest. This unique structure makes clathrate suitable for molecular isolation. Most

of low molecular weight gases including methane form hydrates at low tempera-

tures and high pressures. There are elements and molecules that can be a guest

molecule such as O2, Ar, N2, CH4 and Xe[75].

Methane hydrate is a nonstoichiometic inclusion compound of methane with
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host framework of water cages in a unit cell. The cages allow for almost free rota-

tion of the methane molecule at low temperature; The molecular motion is quan-

titatively described as a single particle quantum rotation in a weak orientational

potential[76].

Most of methane hydrate has one of the two different crystal structures, cubic

structure type I or cubic structure type II. Structure type I hydrates consist of 2

small spherical cages and 6 large ellipsoidal cages, whereas the structure type II is

formed of 16 small and 8 large cages, both of which are nearly symmetrical. As

80% of both structures consist of hydrogen bonded water molecules, many of their

properties resemble those of ordinary ice[77].

The rotational motion of methane has been an interesting subject for a long

time in many area of physics including cold neutron source design. Methane hy-

drate can be regarded as a discrete system of methane molecular motion because

the methane molecules are separated from each other by water cages. Therefore,

methane hydrate can be considered as a possible candidate material for a very

cold neutron moderator in a pulsed neutron source because of the almost free ro-

tations of single methane molecule in a cavity. There were inelastic neutron scatter-

ing experiments[78] and spectral measurement of methane clathrate at 20 K which

show the free rotor motion[79].

Among the several types of methane hydrate, methane in a polycrystalline of
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deuterated (D2O) structure I clathrate hydrate may be an attractive medium for

VCN moderator for several reasons[78].

First of all, methane hydrate possesses free rotations of the methane molecules.

The frequency of the low energy rotation is similar to free rotation of solid methane

in phase II or CH4 isolated in a rare gas matrix[58]. This peak is mainly assigned

to the J = 0 → 1 quantum rotational excitation inside the clathrate hydrate cages.

At 4K, most of CH4 molecules occupy their rotational ground state. The observed

rotational excitation energy is 1.03meV. Those of CH4 isolated in solid argon, kryp-

ton, and xenon matrix have 0.89, 0.98, and 1.13 meV, respectively[80]. These values

are close to the free rotor limit of 1.3 meV. It indicates that the rotational motion is

slightly shifted by the molecular field created by the water molecule forming the

cavity. On the other hand, inter-molecular vibrations of methane molecules are

strongly restricted with the deuterated ice cages.

Second, 2D and 16O have very low absorption cross sections with the 2D =

5.2× 10−4b and 16O = 1× 10−4b. This low absorption cross section of D2O ice may

be a help to increase the VCN flux. The total scattering cross section of D2O ice is

also low enough to minimize the neutron interaction with D2O ice with relatively

strong coherent scattering, 2D = 5.59b and 16O = 4.23b, than incoherent one, 2D =

2.04b and 16O = 0b. Fig. 4.6 shows the total neutron scattering cross section of D2O

ice at 77 K and 15K[81].
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Figure 4.6: Total neutron scattering cross section of D2O ice at 77K and 15K[81].
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Therefore, we suggest methane clathrate at low temperatures can be a poten-

tial very cold neutron moderator material because it combines the strong neutron

slowing down properties in free rotations of methane molecules with the effective

exclusion of phonon scattering from the methane lattice and the very low absorp-

tion cross section of heavy ice.



5

Experimental Setup for Ultra-cold

Neutron Production in Solid Oxygen

Solid oxygen is a material with a new concept of ultra cold neutron production

using neutron down-scattering from a single magnon excitation. The magnon ex-

citation in solid α oxygen for UCN production was first suggested by Liu et al.[82].

The characterization of solid oxygen crystal is needed to judge the solid oxygen as

a UCN converter material. This chapter presents a setup for crystal growth of solid

oxygen and a neutron scattering experiment including a cryogenic solid oxygen

cell, magnet system and gas handling system. We also report on the preliminary

experimental test of ultracold neutron production with the setup.

105
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5.1 Introduction

Ultra-cold neutrons (UCN) are neutrons with very low energies of a few hun-

dred neV, or several mK. Their energy is low enough to undergo total reflection

from a given surface at any incident angle. Therefore, they can be stored in ma-

terial vessels for significant periods of time when their kinetic energies are lower

than the potential of the material. At the same time, they can be lost through nu-

clear absorption or be up-scattered through thermal inelastic scattering from the

material surface. If their energy is sufficiently higher than Fermi potential of the

material, they also can be lost by quasi-elastic scattering. UCN offer the attractive

possibilities of important applications to fundamental physics experiments such

as measurement of electric dipole moment of neutron[7].

Among a few methods of UCN production[83], Golub and Pendlebury pro-

posed the super-thermal method[84]. In a super-thermal source, UCN are pro-

duced by down-scattering of cold neutrons. Cold neutrons lose their energy by

exciting the collective modes of the converter material and are thereby down-

scattered. However, neutrons can be up-scattered if the neutron gains energy from

the excitation of the converter. Up-scatterings can therefore be suppressed by low-

ering the temperature of the converter. The translational motion plays an impor-

tant role for producing UCN in converter material as a super thermal source. The
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nuclear absorption mainly limits the increase of UCNs in a converter. Super-fluid

4He and deuterium molecules in solid (liquid) are very attractive UCN source ma-

terials because of their small (zero for 4He) absorption cross sections.

Their common principle of the UCN moderation is to expose the converter to

a high flux of cold neutrons and to down scatter a fraction of the cold neutrons

to UCNs. In this case, the UCN production rate obviously depends on several

conditions such as cold neutron flux, extraction efficiency and transport efficiency.

Recently, Liu et al.[82] proposed solid oxygen as an alternate UCN converter

material and compared the UCN production rate in solid oxygen with solid deu-

terium. Solid oxygen has about five times smaller nuclear absorption cross section

than solid deuterium. In addition, solid molecular oxygen O2 at low temperature

possesses a long range anti-ferromagnetic spin system. When this system is dis-

turbed by neutron scattering, the exchanged energy is shared among neighboring

spins and spreads out through the spin system. This behavior is very similar to

lattice vibrations. The only difference is that it happens in the spin system. The

excitations are called “spin waves” and its quantum is called a magnon. Fig. 5.1

illustrates the spin wave in the spin system. Liu et al.[82] performed a theoretical

study of UCN production in solid oxygen using the neutron interaction with this

magnon. It was shown in the calculations that the interaction rate is comparable

to that with phonons.
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(a)

(b)

(c)

Figure 5.1: (a) Ground state spin alignment of a simple ferromagnet. (b) An iso-
lated spin is reversed, which costs a lot of energy. (c) A lower energy excitation is
achieved by sharing the disturbance among neighboring atoms[5].

In this chapter, we present an experimental setup for solid oxygen crystal growth

and for utilizing the magnon interaction in UCN production. This chapter also

reports on the result of preliminary measurements of UCN production in solid

oxygen.

5.2 Solid Oxygen

Oxygen is a homonuclear diatomic molecule with two unpaired electrons in

the πg valence molecular orbitals derived from the 2p shell of each oxygen atom.

The ground-state molecular-orbital configuration of the oxygen molecule is [85]

(1σ+
g )

2(1σ+
u )

2(2σ+
g )

2(2σ+
u )

2(1π+
u )

4(3σ+
g )

2(1π+
g )

2. (5.1)
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Three molecular states may arise from the open-shell (πg)
2 configuration, 1Σ+

g (S =

0, l = 0), 1Δg (S = 0, l = 2), and 3Σ−g (S = 1, l = 0), which are a result of the six

possible ways for the two electrons to be placed in the πg orbitals. The degeneracy

of each state is given by (2S + 1) for l = 0 and by 2(2S + 1) for l �= 0, where S is

the total spin quantum number and l is the component of the resultant electronic

orbital angular momentum parallel to the internuclear axis. The subscripts g and

u in the spectroscopic notation for the molecular states denote even and odd states

under inversion through the center of the molecule, and the superscripts + and −

for the Σ states refer to even and odd states with respect to reflection in any plane

containing the internuclear axis[86].

In the absence of external fields and at low temperatures, all oxygen molecules

in the solid are in their electronic ground state 3Σ−g [87]. In this case, the low-energy

excitations (meV range) correspond to lattice excitations such as acoustic vibra-

tions (phonons) and libration of the molecules as a whole (librons), which are com-

mon to all diatomic molecular solids. In addition, there are magnetic excitations

(magnons) that are not present in other molecular crystals[88]. These magnetic

excitations are possible because of the triplet (S = 1) ground state of the oxygen

molecule[86]. As a consequence, solid oxygen has both the properties of a molec-

ular crystal and of a magnet.
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Under equilibrium vapor pressure, oxygen can be condensed into a paramag-

netic liquid phase in the temperature range 54.4 K< T < 88 K[43]. It transforms

upon subsequent cooling into three crystallographic modifications. The crystal in

the first solid γ phase (43.8 K< T <54.4 K) is a rotator crystal and behaves as a

paramagnet. Two orientationally ordered phases are known to exist in the temper-

ature range 23.9 K< T < 43.8 K (β oxygen) and below 23.9 K (α oxygen).

β oxygen has one molecule per primitive cell. The structure of intermediate β

phase of solid oxygen was established by Hörl[89] in an electron-diffraction study.

It was shown that β-O2 has a rombohedral lattice of symmetry R3̄m with the same

extremely simple orientational structure as α-O2. This lattice can be seen as a

distorted fcc structure obtained by packing dumbbell shaped molecules oriented

along one of the spatial diagonals of the cube. The molecules are also orientation-

ally ordered.

The lowest temperature phase of oxygen at atmospheric pressure is the solid

α-O2. It is stable below 23.9 K, has monoclinic structure (space group C2/m) and

one molecule per primitive unit cell (Fig.5.2)[90] . The molecular axis is perpen-

dicular to the a-b plane. These planes have center-rectangular symmetry and each

molecule has four-nearest neighbors at 3.2Å, and two second-nearest neighbors,

at 3.43Å. The third-nearest neighbors of each molecule, four in number and at an

intermolecular separation of 4.19Å, are in adjacent planes. Monoclinic α-O2 is the
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only elemental solid that is known to be both electrically insulating and antiferro-

magnetic. It is known that all spins are aligned along the monoclinic axis ±b, with

all nearest neighbors in an antiparallel arrangement to each other. The presence of

antiferromagnetic long range order was inferred from the macroscopic magnetic

susceptibility in the lowest temperature phase[91].

a=5.403

b=3.429

c=5.086

Figure 5.2: Crystal structure of solid α-oxygen molecules. All lattice constants are
in Å[92].
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5.3 Design

The ultra-cold neutron source system was designed to maintain up to 200 c.c

of solid O2 at about 8 K in a high cold neutron flux region. The UCN target cell

is vacuum insulated and cooled by helium gas from a liquid helium flow cryostat

with the capability of removing 1.5W of heat at 10K. The helium cooling liquid is

passed through a transfer line.

Our experimental setup was designed to study the magnetic field influence on

the UCN production rate in solid oxygen. For this purpose, the target cell assembly

was installed inside the central bore of a superconducting magnet. Our setup is

also designed to measure the effective mean free path of UCN in solid oxygen.

Various depths of front cell Al windows were prepared for this purpose. The main

design elements include the target cell assembly, the magnet system and the gas

handling system.

Target Cell

The target cell is made of Al and has a cylindrical body with 3.3′′ of OD and

2.85′′ of ID. The front window is also made of Al and has 6/1000 ′′ thickness. The

volume of the oxygen cell can be varied by replacing the front window flange with

various depths of recess. Five windows were prepared to investigate solid oxygen
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with 1.475, 1.15, 0.825, 0.5 and 0′′ of depths. The volume of the solid oxygen ranges

from 183 cm3 to 30 cm3 depending on the recess of the windows. The detailed

relationship among windows, cell volume and gas volume are listed in Table 5.1.

Flange Depth (inch) Cell Volume (cm3) Gas Volume (Liter) ΔP (mbar)
1.475 28.784 30.0 230
1.15 62.7237 65.5 500

0.825 96.6991 100.9 771
0.5 130.674 136.4 1042
0 182.944 190.9 1458

Table 5.1: The relative relationship of different cell volumes with different window
depths and gas volumes. ΔP is the pressure difference on the 200 liter gas recov-
ery tank when one condenses the oxygen gas at its vapor pressure (1.464 mbar
at 54.6K). 1 atm=1013.18 mbar, 1 pascal=0.01 mbar. Inner-Diameter of the Cell
(I.D)=2.85 inch.

There is one gas fill line connecting the cell to the gas handling system. Inside

the cryostat, the fill line is made from 1/8′′ copper tubing. O2 gas tends to freeze

in gas fill line while it is being cooled. To prevent a blockage of the gas return,

a 50 W Nichrome wire heater is tightly wound on the tubing along with a Cernox

temperature sensor mounted on the fill line.

In addition, a 0.5′′ diameter rupture disk made of Ni with 25 μm thickness is

attached to the backside of the cell to satisfy safety concerns. The rupture disk

is set to consistently burst at 28 psig. The inner surface of the cold cell body is

coated with Ni so that the UCN generated in the solid oxygen can be bounced
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back towards the thin front Al window. The thickness of the Ni layer is about 1

μm.

The target cell is covered with a long cylindrical cold shield made of Al. The

cold shield is connected to the first stage of the cryostat and provides a temperature

shielding layer to the target cell. The shield also works as a UCN guide and a

reflector. The UCN produced in the cell will be bounced back along the cold shield

(see Fig. 5.8 and Fig. 5.7). The backside of the target cell is mounted to a cold head

extension made of Al. Fig. 5.3(a) and 5.3(b) show the target cell assembly with a

gas fill line and a rupture disk.

Magnet System

A superconducting magnet provides some strength of magnetic fields to per-

turb the magnetic dispersion curves in the condensed system of oxygen. The in-

fluence of magnetic fields on the UCN production in solid oxygen will be studied

with the magnet system.

The oxygen target cell is placed inside the horizontal bore of the magnet. With

full current in the solenoid, the field strength in the center of the bore is about 5.5

Tesla. The chamber of the cryostat which houses the solenoid is made of steel, and

thus serves as the flux return. The solenoid is placed at the height of the beam
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(a) Target Cell Side View

Gas Fill Line Rupture Disk

(b) Target Cell Rear View

Figure 5.3: A drawing of the solid oxygen target cell with gas fill line and rupture
disk.
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line, and is about 1.36 m from the floor. A cross-sectional view of the magnet is

presented in Fig. 5.4.

Figure 5.4: A cross section view of the superconducting solenoid magnet. The
central warmbore has 4.25 ′′ diameter.

This superconducting magnet has two cryogenic insulating volumes with liq-

uid nitrogen and liquid helium. Liquid nitrogen is filled into the cold shield to

reduce the radiation heat load into the liquid helium volume. For the initial cool

down, liquid nitrogen is used to pre-cool the magnet. Liquid helium is filled from

the top neck. It takes about 100 l of liquid helium in the initial fill, and 30 l for

subsequent fill. Each fill would last approximately 24 hours. Level meters for both
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liquid nitrogen and liquid helium are used to monitor the depletion of the cryo-

gens.
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Figure 5.5: The field strength of the magnet as a function of applied current.

Once the magnet volume is filled with liquid helium, the solenoid can be en-

ergized. The rated operating current of power supply is 90A. A factory calibrated

current to magnetic field relationship is presented in the Fig. 5.5

Oxygen Gas Handling System

The oxygen gas handling system provides preparation, filling, evacuation and

storage of the oxygen gas. The whole system is constructed mainly with 1/4′′ VCR

stainless steel fittings and stainless steel tubings. A pressure relief valve is also
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connected with different pressure settings. The schematics of the gas handling

system is shown in Fig. 5.6

Target
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Figure 5.6: Gas handling system for the solid oxygen experiment for UCN produc-
tion and crystal growth.

The oxygen gas was recycled throughout the run. It requires about 150 l of STP

oxygen gas to condense to 183 cm3 of solid oxygen. A 200 l stainless steel tank

assembly is attached through the V1 valve to serve as gas storage. The storage

tank is pumped out and then filled by connecting the pressurized O2 gas cylinder

to the gas system. During the filling of the cold cell, the bypass valve stays closed.

The oxygen is condensed in the target cell with variable flow rates. The flow rate
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is controlled with the flow controller. The flow rate can be controlled from 0.5 slm

(Standard Liter per Minute) to 0.05 slm. Two Mensor pressure gauges are placed

upstream (P1) and downstream (P2) of the flow controller. There is a pressure relief

valve connected downstream section of the gas handling system. The return path

is through the check valve, which is set to open at 15 psi.

MagnetGas Line

Magnet

Shield

Target Cell

MMagnnneet

MagnetShieldCold Neutron

UCN Detector UCN Detector

Figure 5.7: Side view and in-beam view of our experimental setup for UCN pro-
duction with solid oxygen target cell. Incident cold neutron beam is illustrated as
a thick arrow and outgoing UCNs are illustrated as a thin red arrow.

The system has two pumping ports, one connecting to a Fomblin filled mechan-

ical pump, and another connecting to a dry turbo pumping station. The mechani-

cal pump can be used to handle a high volume of oxygen gas. After the system is

rough-pumped to below the range of the Mensor gauges, the turbo pump is used

to further reduce the pressure of the system.
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Ni Mirror

Cold Shield

Cell

Cold Finger Extension

Cold Neutron

UCN

Worm Bore

Figure 5.8: Solid oxygen target cell assembly in the bore of the magnet with target
cell, cold shield, Ni mirror and cold finger extension. The incoming cold neutron
beam is illustrated as a red dashed line and UCN is illustrated as a blue solid line.
UCN produced in the cell are reflected back to the front of the cell and transported
through the cold shield and reflected on the Ni mirror to the guide.
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Setup Assembly

Fig. 5.7 shows the schematic of the experimental setup. The target cell and

cold shield have to be installed inside the central bore of the magnet and aligned

with incident cold neutrons. A UCN guide assembly is mounted sideways relative

to the cold neutron flight path. Cold neutrons have to pass through two thin Al

windows to reach the solid oxygen target. Some of the cold neutrons are down

scattered to be UCNs. With Ni coated cell body, many of UCN produced in the cell

can be reflected and transported back through front window and front cold shield.

In that case, the mean path of UCN in the oxygen will be doubled. There is a 58Ni

thin foil with 45◦ angle with cold neutron incident direction at the front of guide

tube to reflect UCNs to a detector side. Fig. 5.8 shows the detailed assembly in the

bore including the cell, cold shield, 58Ni mirror.

5.4 Operation

Gas Operation

First, the 200 l storage tank has to be filled with O2 gas from the pressurized

O2 gas cylinder. During the filling of the gas storage tank, the bypass valve, V1

valve, and flow controller valve are closed and the pressure of gas storage tank is
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monitored by P1 pressure gauge. Once the storage tank is filled with O2 gas, V3

valve is closed.

Before the cell is filled with oxygen gas, the cell has to be evacuated. The dry

pump has to run to evacuate the line between V4 valve and the pump while V6

valve are closed. Once the pumping port is clear, V4 valve is opened first to pump

out residual gas inside the line. V5 valve has to be opened to confirm pumping out

all remaining gas between the Flow Controller and V5 valve. Then, V6 is opened

slowly and the turbo molecular pump can start running at this stage. Once the cell

is evacuated, V4 valve, bypass valve are closed while V6, Blue valves stay opened.

The oxygen gas flows thorough the flow controller to the target cell. The pressure

of the cell is monitored through the pressure gauge P2. When oxygen is condensed

in the target cell, the Blue valve and V6 stay open. It ensures an open path for

the oxygen gas to return to the storage tank, in case of accidental warm-up that

turns the condensed oxygen into oxygen gas. The return path is through the check

valve, which is set to open at 28 psi. There is a pressure relief valve connecting to

the downstream of the gas handling system with 1500 mbar pressure setting.
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Target Cell Operation

The target cell operation includes the temperature control of gas fill line and

cell. The temperature control of the cell will be described in detail in the next

section. The temperature of the gas fill line has to keep at a higher temperature

than the melting point of solid oxygen while the oxygen gas is filled, condensed

and frozen. A 50 W Nichrome wire heater tightly wound around the tubing is used

to maintain a certain temperature of gas fill line with the feedback of a Cernox

sensor mounted on the fill line.

The target cell is cooled by the cold head of a helium flow cryostat made of Al.

Two Cernox sensors are mounted on the top and bottom of the cell to monitor the

temperature gradient along the cell body. The temperature control range varies

from 300 K down to 4 K. The temperature of the cell can be controlled with a 50 W

heater mounted on the rear side of cold head. The ramping function in Lakeshore

340 temperature controller can be programmed to cool down the cell and grow

solid oxygen polycrystals with a temperature stability of mK.



5. Experimental Setup for Ultra-cold Neutron Production in Solid Oxygen 124

Temperature Control

A Lakeshore 340 cryogenic temperature controller provides temperature read-

ings with a resolution of as low as 0.1 mK at 4.2 K. The specific temperature re-

sponse curve for Cernox sensors are loaded in the control unit. The Lakeshore 340

offers two proportional-integral-derviative (PID) control loops. A PID control al-

gorithm calculates control output based on the temperature set-point and feedback

from temperature sensor. Control output is generated by a high resolution digital-

to-analog converter for a smooth continuous control. The PID value can be set

manually. The PID value optimized for this experiment was 200 (P), 10 (I), and

5 (D) with our helium flow cryostat. This combination may vary with a different

setup. The main heater output for this control unit is a well-regulated variable DC

current source. The heater output can provide up to 100W of variable DC power

to control loop 1.

The set-point ramp feature allows smooth, continuos changes in set-point. This

feature permits faster experiment cycles, since data can be taken as the system is

changing in temperature. It can also be used to make a more predictable approach

to a set-point temperature. With this function, the unit can run a set of instrument

instructions called an internal program. Each program represents the temperature

changes needed to conduct an experiment. The set-point can be programmed with

different ramping up or down rates.
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With this function combined with regulating the helium flow rate, we could get

a slow cooling rate and we can control the temperature of the cell with a rate of less

than 1mK/h. The detailed control rate and method will be presented in section 5.5.

Magnet Operation

The operation procedure of a superconducting magnet is as follows. First, we

have to fill the insulating volume with liquid nitrogen. While the liquid nitrogen

is filled, the level of the nitrogen can be monitored in our control unit. Then liquid

helium is filled from the top of the magnet neck. Once they are filled, we energize

the super-conducting magnet solenoid. The following steps detail procedures of

magnet current supply operations.

1. Check the previous current setting applied to the magnet. It is usually 0 A if

we run a new magnet.

2. Match the magnet current by adjusting the current on the power supply

located on bottom of rack.

3. Turn on the persistent heater by switching on the key.

4. Adjust or change the magnetic field by changing the current knob located on

the top of rack to the desired value.

5. Power off the heater and record current on the sheet before switching off
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heater.

6. Turn down the current to zero on current supply.

7. Turn off the current supply.

5.5 Solid Oxygen Crystal Growth

The tendency of micro-crystals to form in solid O2 may limit the effectiveness of

a large UCN source[93]. This required the investigation of the principal source of

UCN loss in solid oxygen and the demonstration of super-thermal performance via

its characteristic temperature dependence. While nuclear absorption and magnon

up-scattering losses are theoretically well understood, this is not the case for the

effects of polycystal formation and various lattice defects. The previous experi-

ence [94] with solid deuterium indicates that finite crystal effects do not introduce

additional measurable scattering in this case.

However, this statement might not be applicable to solid oxygen because of

its very different thermal properties. Since α-O2 must be prepared by cooling γ-

O2 through two structural phase transitions, it produces considerable lattice con-

traction and strain. The phase transition from γ oxygen to β oxygen involves a

large molar volume change in solid state. In the γ to β phase transition, the vol-

ume change (ΔV ) is about 1.18cm3/mole and corresponding transition heat (ΔH)



5. Experimental Setup for Ultra-cold Neutron Production in Solid Oxygen 127

is about 730J/mole. In comparison, the volume change (ΔV ) in β to α phase

transition is about 0.05cm3/mole and corresponding transition heat (ΔH) is about

92J/mole[43].

This volume change and the corresponding emission of heat during the phase

transition affect the formation of the polycrystalline and finally cause the devel-

opment of holes and cracks along the grain boundaries. These defects in the solid

system might trap the UCN produced in the solid and reduce the UCN extraction

rate.
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Figure 5.9: UCN production rate as a function of temperature and cooling time.
The red filled circle is UCN production rate corresponding to right y-axis. The
blue square with a line is the temperature of the cell corresponding to left y-axis.
x-axis represents the evolution of cooling time with arbitrary unit.
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We found a simple relationship between the condition of solid oxygen and the

UCN production rate in our previous experiment at PSI, Switzerland. The experi-

ment was carried out at the PSI spallation neutron source, SINQ, using the polar-

ized cold neutron beam line for fundamental physics (FUNSPIN). The basic idea of

this experiment was simply to introduce cold neutrons into a target cell and mon-

itor the cold neutrons leaving the cell and also to detect UCNs produced from the

cell. The target cell was mounted on a helium flow cryostat and filled with D2, O2

and CD4. The temperature of the cell was controlled from 8 K to room temperature.

We measured the UCN production of oxygen at various temperature from gas to

solid with different cooling rates. As shown in Fig. 5.9, the UCN production rate

at 8K with slow cooling rate (5.2K/h) in circle A was about 3 time higher than that

with fast cooling rate (17K/h) in circle B. This indicated that the UCN production

rate strongly depends on the transparency of the crystal. Therefore, the growth

of polycrystalline samples with less cracks and holes is an important goal of our

experiment.

In order to grow big polycrystalline samples with fewer defects, we followed

the general principles of the single crystal growth procedure from Brodyanski et

al.[95] and adapted these for our demands. They had successfully grown single

oxygen crystal of 1 cm in diameter and 2.05 cm in thickness. We used oxygen gas

with purity of 99.999%.
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B=0T 1T 1.5 T 2.5T

Figure 5.10: Liquid oxygen at T = 54.6 K under different magnetic fields from
B = 0 T to B = 2 T.

The procedure is as follows. At first, the cell was evacuated up to 10−6 mbar at

room temperature. After that, the empty cell was cooled down to a temperature a

bit lower than the boiling point of oxygen. After condensation, the liquid oxygen

was cooled down 3 K/h towards the melting point slowly 0.1 K/h to grow the

crystal. Around the crystallization point, the crystal was annealed for 3 ∼ 5h.

The averaged cooling rate within the temperature region of high-temperature

phases in solid was about 0.5 ∼ 1 K/h. In the temperature range of a solid-solid

phase transition, the sample was cooled with a more slow rate of 0.05 K/h. Later,

we annealed the crystal during a low-temperature phase transition for 10 ∼ 12h

by keeping the sample at a constant temperature (43.6 K). After the phase trans-

formation is completed, we applied very slow 0.02 K/h cooling to prevent stresses

developing in the crystal.

We also applied various magnetic fields up to 2T while we were growing a poly
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Initial  T - Final T --  (~2h)

TC=44.467 K 44.213 K

(a) B=0T

Initial  T -- Final T --  (~3h)

 44.578 K 44.487 K

(b) B=1T

Initial  T -- Final T --  (~6h)

44.566 K 44.233 K

(c) B=1.5T

Initial  T -- Final T --  (~4h)

44.591 K 44.553 K

(d) B=2T

Figure 5.11: Solid oxygen under different magnetic fields shows different crystal-
lographic structure.
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crystal from liquid oxygen. To check the transparency of the crystal, a copper bar

with spiral ring has been inserted inner cell body. The cell has been filled to about

the half of the volume to compare the transparency of solid with empty space. The

front window was made of Mylar, biaxially-oriented polyethylene terephthalate

(boPET) polyester film, with indium thin layer of vacuum seal. Mylar is used for its

high tensile strength, good chemical and dimensional stability and transparency.

The detailed comparison of crystal growth under different magnetic fields shown

in Fig. 5.10 and 5.11. Fig. 5.10 shows liquid oxygen at T = 54.6 K under mag-

netic fields. Since it is magnetic with a large molar moment, liquid oxygen climbs

up along the side wall under high magnetic fields. In all cases, the liquids look

transparent.

The four tables show a change in the transparency of crystal around γ-β phase

transition temperature Tγ−β under different magnetic fields. Fig. 5.11(a) shows

the change under zero magnetic field. When the temperature of the cell reaches

Tcell ∼ 44.47K, the temperature was set. About two hours later, there was a sud-

den temperature drop to Tcell ∼ 44.21K and the transparency of the cell worsened.

Under B = 1T in Fig. 5.11(b) and 2T in Fig. 5.11(d), the same phenomenon was ob-

served after 3h and 4h and in these cases, the transparencies were still bad. Under

B = 1.5T in Fig. 5.11(c), however, it took longer time (t ∼ 6h) than other conditions

and the transparency of the cell was also improved. The temperature change was
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from T ∼ 44.56K to T ∼ 44.23K. Therefore, we could see a certain dependence of

poly crystal of oxygen on magnetic field strength.

5.6 Preliminary Experiment on UCN Production in

Solid Oxygen

The experiment of UCN production is strongly correlated with the intensity of

incident cold neutron flux, low background rate and the temperature control of tar-

get cell. First, the incident neutron beam should be as intense as possible because

the UCN production rate per incident cold neutron is very small. For example, the

production rate in solid D2 is 1.95×10−8Φ0 and the calculated production rate from

solid α-O8 is 3.5× 10−8Φ0, where Φ0 is cold neutron flux as shown in Fig. 5.12[82].

Second, the background noise rate in the experiment has to be kept low enough

to discriminate the UCN count rate from the noise. The background noise usually

comes from leakage radiation from cold neutron beam. Some noise comes from

neighboring experiments and fast neutrons scattered from unphased chopper or

guide tube. During our experiment at FP-12 of LANSCE, we suffered from a high

background noise rate.

We applied a time-of-flight (TOF) method to discriminate the UCN count rate
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Figure 5.12: UCN production density as a function of incident cold neutron tem-
perature. A Maxwell distribution of the cold neutron spectrum was assumed.
UCN production density in solid oxygen using magnon interaction shows a maxi-
mum value with 12K spectrum temperature of incident cold neutrons. At the same
time, the maximum production density in solid deuterium is with 30K incident
cold neutron spectrum[82].
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from the high background rate, and reflecting the UCN by Ni plated mirror in-

serted in front shielding tube further reduced the background rate. A multi-channel

scaler (MCS) was used for collecting counting rate. MCS records the counting rate

of events as a function of time. When a scan is started, the MCS begins counting

input events in the first channel of its memory. At the end of the preselected dwell

time, the MCS advances to the next channel to count the events. This dwell is re-

peated until MCS scan all of channel in the memory. MCS has two methods of

synchronizing the scans with starting of the events. Either the start of a scan in

the MCS can provide either internal trigger mode or external trigger mode. In the

external trigger mode, a positive TTL logic signal can initiate the scan in the MCS.

We first tried the internal trigger mode to get the UCN count rate. However, a

high background rate, which mainly comes from fast and cold neutrons or γ-ray,

was seen in all of the channels so that it was not possible to discriminate the UCN

count rate from the background rate. Using external trigger mode, we determined

that this high back ground rate were counted mainly before 5 ms. The proton beam

was operated at 20Hz frequency. Therefore, we set the channel width to 0.1ms and

one set of scanning time as 50ms with external triggering mode. The total pass

length for each run was 20,000 times so that total scanning time was 1000 s.

The results obtained on the solid oxygen, with these methods, is shown in Fig.

5.13. The initial cold neutron background is attenuate by 5 ∼ 6ms after initial
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Figure 5.13: UCN count rate before subtracting background rate. The dotted
line across 0.21 represents the averaged background rate. The cold neutron back-
ground rate is denoted as a red circle. x axis denotes the time-of-flight and y axis
represents the count rate with counter per channel unit.
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proton pulse is triggered. We considered the count rate at initial 10ms as cold

neutron background. This is a sufficiently long enough time to discriminate the

UCN count rate from the initial cold neutron background. And the count rates

in the range of 49.1ms ∼ 50ms channels were also considered as a background

since this count rate might be dominated by next proton pulse. Therefore, the only

channels we considered for the UCN counts were from the 10.1ms to 49ms. The

constant background rate is given as about (8.4± 0.4)× 10−3n/s, which is still very

high. The average count rate throughout the run before background subtracted is

about (8.487± 0.3)× 10−3n/s. The net count rate after subtracting background rate

is (0.087± 0.5)× 10−3n/s. This is the averaged result through the 242 runs and the

background rate was averaged over 25 runs with empty cell. We couldn’t see any

temperature dependence of the count rate due to the high background rate.



6

Summary

In this thesis, we have investigated neutron phase space cooling in condensed

matter media, from the cold neutron regime to ultra-cold regime, using both the-

oretical and experimental approaches. The first part of this work dealt with the

neutron scattering in the cold neutron regime. We performed theoretical studies of

the neutron scattering cross section model of solid methane in phase II. Based on

the model, we evaluated the scattering function S(Q, ω), the frequency spectrum

ρ(ω) and the total scattering cross section for solid methane at 20 K, 4 K, and 0 K.

The model also implicitly uses experimental input from neutron scattering, light

scattering and thermodynamic measurements which determine the energy spectra

and other properties for the different modes in solid methane. The total scattering

cross sections are shown to be consistently explained by our model. Moreover, the

relative contributions of the free and hindered rotational modes in the scattering

137
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function, frequency spectrum and scattering cross section have also been estimated

using our model.

We also measured the neutron brightness from the solid methane moderator

of the LENS neutron source with the moderator operated in phase II at 20 K and

4 K. We compared the measured spectra with MCNP simulations of the Target-

Moderator-Reflector (TMR) system in the same geometry as used in the measure-

ment, using as the source for our cold neutron scattering kernel our new neutron

scattering model of solid methane in phase II. We added O2 to the solid methane

to ensure spin temperature equilibrium, and we slowly cooled and thermally cy-

cled the methane in an attempt to minimize possible cracks and holes in the solid

methane. The prediction of the simulations with the newly-developed scattering

kernel are in good agreement with experiments at both temperatures. The neutron

energy spectrum at 4 K shows a colder and brighter spectrum than the 20 K one.

This observation encourages us to continue investigations into other moderator

media and geometries in order to further increase the cold neutron brightness and

to further cool the neutron spectrum.

We investigated the optimal thickness of our moderator of different tempera-

tures with our kernels and discovered that further increases in brightness are pos-

sible. We plan to continue further brightness measurements from solid methane

under different conditions in the future.
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We have extended our theoretical work of neutron moderation to the very cold

energy regime. We have shown the separate contributions of collective modes in

solid methane to neutron moderation and calculated the effective neutron spec-

trum temperature at 4K from the different collective modes in LENS TMR geome-

try. The free only rotation mode in solid methane shows the lowest neutron spec-

trum temperature. We inferred from this result that methane clathrate can be a

good moderating medium for very cold neutron production. Methane clathrate

is now the first known example of a material which, as we have shown, has the

potential to produce a bright neutron spectrum in the VCN energy regime. This

result supplies encouragement for the continued investigation of other moderator

media which may demonstrate higher brightness and lower spectral temperatures.

We will improve our calculation by including D2O scattering cross section at low

temperature.

The second part was the study of solid oxygen as an ultra-cold neutron moder-

ating medium. We have presented an experimental setup for the study of crystal

growth in solid oxygen and for its use as a UCN converter utilizing the magnetic

properties of solid oxygen. The setup included a cryostat with a target cell for the

neutron scattering experiment, oxygen gas handling system, magnet system and

an optical monitoring system for oxygen crystal growth.
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We also tested solid oxygen as a new type of UCN converter at FP-12 of LAN-

SCE. The UCN count rate was about (0.087 ± 0.5) × 10−3n/s. During the exper-

iment, there was high background noise in the experimental area which mainly

came from the leakage of cold neutrons. We applied a time-of-flight method to try

to discriminate UCN count rate from the background rate.

For the temperature control of the converter cell, we couldn’t cool the cell below

15K due to low cooling efficiency after the cold shield being assembled. From the

preliminary calculation of UCN production[82], the cell should be cooled down

below 8K to see the magnon interaction with neutrons. There was also certain cold

neutron flux reduction during our experiment and we need to understand this.

We plan to conduct another UCN production experiment at LANSCE in the near

future.
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