
ABSTRACT

TEANDER, COLE GRESHAM. The Creation, Transportation, and Storage of Ultracold Neutrons.
(Under the direction of Paul Huffman).

Ultracold neutrons (UCN) are a vital tool for understanding the fundamental forces that

shape the universe. Being trappable by material, magnetic, and gravitational potentials,

they offer high sensitivity for measurements such as the neutron electric dipole moment

and neutron lifetime. However, their experimental utility is constrained by strict energy-

dependent challenges in production, transport, and storage. This dissertation addresses

these obstacles through theoretical and experimental advancements developed in the

context of the next-generation solid deuterium (sD2) UCN source at the North Carolina

State University (NCSU) PULSTAR reactor. The thermal neutron flux to the source was

experimentally measured using gold and indium foil activation analysis which validated

the expected UCN production rates. The transport of UCNs was studied with Monte-Carlo

simulations completed in PENTrack to compare theoretical models of molecular flow,

characterize the extraction efficiency of the NCSU UCN source, and to demonstrate the

transport enhancement of novel focusing guide amplifiers. Furthermore, to address the

critical need for energy-dependent spectral analysis, a new gravitational spectrometer (the

NCSU-Montclair roundhouse) was designed, constructed, and successfully tested to prove

its utility.
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CHAPTER

1

INTRODUCTION

Perhaps the fairest place to start off any dissertation in neutron science is by describing

what a neutron is in the �rst place. The neutron is named as a portmanteau of its primary

properties as a "neutral nucleon". Nominally it has no electric charge, and it resides in the

nucleus of atoms with the other nucleon, the proton. Described less humbly, the neutron is

a fundamental building block of the physical universe, without which no matter (with the

exception of lowly hydrogen) could exist.

In spite of the neutrons status as a fundamental building block, it is not recognized as a

fundamental particle in the standard model. A neutron is a composite particle known as a

baryon; all baryons are built from three quarks, and a neutron speci�cally is built from one

positively charged up quark and two negatively charged down quarks. These quarks are

held together with the strong force as mediated by gluons, and the strong force in turn is

what holds together the baryonic nucleons in nuclei. The properties of the neutron which

emerge from this combination of quarks are included in Table 1.1.

Despite being built from charge carrying quarks, neutrons have since proven to be

unaffected by electric �elds. The general consensus holds that neutrons have no net charge,

but experiments are ongoing to lower the ceiling on this null-measurement of charge

[10]. In a similar vein are experiments dedicated to searching for an upper ceiling to, or if
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Table 1.1: Fundamental neutron properties and interactions. Section 2.3 features a discus-
sion and explanation of the so-called Fermi potential for material properties given by the
equation UF = VF � iWF .

Lifetime 877.75(28) s [8]
Mass 939.6 MeV/ c2

Charge � 10� 21 e [9]
Gravitational Potential 102.45 neV/ m

Magnetic Moment -60.3 neV/ T
Material Potentials UF = VF � iWF

they're lucky, an actual value of an electric dipole moment of the neutron. An electric dipole

moment is a permanent separation of charges which could result from a �xed orientation of

the charged quarks within the neutron, and there is an active international �eld of research

dedicated to searching for it [11; 12; 13; 14].

All neutrons that exist in the universe today are here because they are stable within

atoms; once a neutron is freed from its nucleus, it will decay with a half-life of approximately

15 minutes. This implies that if, as is assumed, all matter within the universe was formed at

the instant a big bang occurred, then all neutrons must have paired off with protons to form

nuclei shortly after the big bang. Free neutrons, being a key ingredient in the formation

of our universe, offer a fantastic window into studying the unknowns surrounding the

underlying structure and earliest history of everything that is [15].

One particular conundrum neutron research hopes to address is that the fact that

anything actually exists in the universe is currently unexplainable by modern science. Per

our understanding of the standard model, baryonic matter and antimatter should have

been created during the big bang in equal measure to satisfy baryon number conservation.

However, because matter-antimatter pairs annihilate each other into pure energy, if they

were truly created in equal measure then no matter would be left over. The existence of

physical matter in our universe today is evidence that a fundamental asymmetry preferential

to matter is baked into our universe. Andrei Sakharov laid out three necessary conditions

for this asymmetry to exist: Baryon number conservation needs to be violated, Charge (C)

and Charge-Parity (CP) symmetry have to be violated, and thermal equilibrium had to be

broken. Studying neutrons to �nd the existence of a permanent neutron electric dipole

moment has been proven to be one of the most sensitive tests for what one possible source

of a CP breaking asymmetry could be [11].

Beyond helping to understand how everything came to be, neutrons have proven to be
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an invaluable tool for exploring how things are. Scattering studies performed with neutrons

form the basis for an entire analytical industry and constitutes a primary division of research

in condensed matter physics and materials science [16].

Although neutrons are an excellent object of study for understanding the nature of

reality and tool for studying other materials, free neutrons are not so easily accessible.

Since neutrons have a �nite lifetime outside of a nucleus, they must be broken free from

an atom and then experimented on in quick succession. Breaking the neutron free also

requires generating or controlling an immense amount of energy, too. Free neutrons for

laboratory use in any usable quantities have to be generated with nuclear �ssion reactors

or from proton accelerators with spallation targets. Fissile neutrons have an average energy

of about 2 MeV and velocities about 7% the speed of light, whereas spallation sources can

often produce even faster neutrons.

These fast moving neutrons (creatively dubbed as "fast neutrons" by the scienti�c

community) are dif�cult to control and their energies are often much too high to be sensitive

to the interactions or structures of interest. Therefore, fast neutrons must be moderated

down to lower energies through downscattering events. Through many such collisions with

a material, a neutron will come into thermal equilibrium with the target material. A neutron

that reaches thermal equilibrium with a room temperature target is called a "thermal

neutron" that has 25.3 meV of energy and a velocity of 2200m/ s. These signi�cantly slower

moving thermal neutrons and even slower moving "cold neutrons" that have come into

thermal equilibrium with moderators at cryogenic temperatures (typically 20-60 K) can

be produced in high quantities, are easier to guide, and crucially have wavelengths on the

scales of atomic lattice separations. Beams of thermal and cold neutrons (both collectively

referred to as slow neutrons) are the primary methods for scattering studies and therefore

constitute the primary range of neutrons as tool.

Although beams of slow neutrons are easier to guide, it is not experimentally feasible to

trap and fully contain a beam of slow neutrons. And, slow neutrons have kinetic energies

on the order of meV which many orders of magnitude higher than the hundreds of neV

scale of any fundamental forces on the neutron. This means that, although beams are very

useful for studies of other materials, beam based studies of these fundamental forces on

the neutron and the neutron themselves are still quite dif�cult.

Therefore, UCN with kinetic energies below a few hundred neV present an attractive

alternative for these fundamental physics studies. The metaphorical icing on the cake

for UCN physics is that they can be fully trapped by the potential difference imposed by

standard materials, magnetic �elds of order a few tesla, and gravitational potentials less
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than a few meters of height. This ability to be trapped allows for long-term manipulation

and observation of the neutron and low-energy phonomena that are able to be probed by

neutrons. In fact, their ability to be trapped by materials is literally the de�ning quality of

UCNs.

UCN are used to study many fundamental interactions including the neutron lifetime

[8], � -decay and the properties of the weak force [17], neutron electric dipole moments to

probe the fundamental asymmetry that yielded a matter dominated universe [11; 12; 13; 14],

the nature of gravity on a quantum scale [18; 19], and the nature of dark matter [20]. More

than just serving as an object of study, the increase in UCN production expected with the

next generation of UCN sources should facilitate a new era of materials science studies

performed with UCN [21; 22].

Unfortunately, while UCNs are an incredibly useful object for experimentation, they

are by no means easy to experiment with. It is dif�cult to produce and transport large

quantities of UCN; the signi�cantly lower count of UCN in an experiment can offset the

statistics gained with longer observation times for UCN as compared to slow neutron beam

experiments. Sources of UCN are quite dif�cult to build with signi�cant engineering and

assembly challenges. Storage, transport, and other experimental systematics are strongly

energy dependent, but determining the UCN energy spectra is much more dif�cult than it is

for neutron beam experiments that can more easily implement time of �ight spectrometers.

To explore and present mitigation techniques for some of these challenges, this disserta-

tion explores theoretical and experimental methods within the framework of the life cycle

of an ultracold neutron. First, Chapter 2 provides a theoretical introduction to neutron

scattering and UCN theory with an extended discussion on UCN transport and storage.

Chapter 3 discusses UCN creation and transport within the context of the PULSTAR reactor

UCN source at NC State University (NCSU). Chapter 4 steps backwards in the UCN life cycle

to discuss the measurement of slow neutron �ux to the NCSU UCN source with neutron

activation analysis measurements. Then �nally, Chapter 5 discusses the theory of energy

dependent storage of UCNs and the creation and testing of a gravitational spectrometer to

manipulate the spectrum of neutrons.
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CHAPTER

2

BASIC NEUTRON SCATTERING AND UCN

THEORY

2.1 Introduction

In the 1930s, Enrico Fermi introduced the physical concepts of scattering length and what

is now referred to as the Fermi pseudopotential [23]. In so doing, Fermi ushered in the

modern framework for understanding slow neutron scattering. The pseudopotential refers

to an effective potential approximating the long range interactions from nuclei on incident

neutrons. Applying quantum mechanics for neutrons incident on a pseudopotential from a

material's surface with its many nuclei allows for the neutron optics treatment with parallels

for re�ection and transmission. From neutron optics, it can be shown that for neutrons of

the lowest energies (aka: ultracold neutrons), total internal re�ection can occur from any

angle of incidence.

This chapter seeks to provide the basic theoretical foundation tracing the path from

neutron scattering to neutron optics and UCN physics in sections 2.2 through 2.3. The

optical treatment resulting from the introduction of the Fermi pseudopotential is also shown
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to be able to explain UCN loss mechanisms in sections 2.3.3 and 2.3.4. The derivations

from these sections mostly follow Golub et al. and Steyerl [24; 25], but with supplemental

extensions provided through [26; 27].

After this theoretical introduction, this chapter continues with experimentally relevant

discussions on energy dependent UCN storage in 2.4 and UCN transport in 2.5. The dis-

cussion of UCN transport features an extended discussion reviewing different theoretical

approximations of transmission stemming from rare�ed gas dynamics theory.

2.2 Scattering Basics

2.2.1 Scattering Length

The origins of nuclear scattering theory can be understood from the classical perspective.

Ernest Rutherford originated the technique of nuclear scattering through the �rst decade

of the twentieth century with a simple goal: throw a small ball at a target to determine the

cross sectional area of that target. The small "ball" was a positively charged alpha particle,

and the target was a sheet of gold foil, but the goal was to determine the approximate

shape and size of the physical matter within a nucleus. The simple model of nuclei treats

them as approximately spherical objects, and by throwing something at it, the target size

is a two-dimensional shape in the plane normal to the thrown trajectory; i.e. a circle for

a spherical nucleus 1. The classical understanding arrived at from these early scattering

experiments was that the that average nuclear radius R can be approximated as

R = R0A1=3, (2.1)

where R0 � 1.2 fm and A is the number of neutrons and protons or nucleons within the

nucleus. With this approximation, when throwing a roughly 0.8 fm neutron "ball" at a

hapless 58Ni nucleus, the circular cross sectional area for direct hit has a radius R � 4.6 fm.

However, here the classical approximation falls apart. The force between nucleons is

referred to as the nuclear strong force, and is primarily felt between nucleons as an attractive

potential which holds nuclei together (but not too tightly together, as it is a repulsive force

for sub-nuclear separation distances). So, even when a neutron impinging on a nucleus

"bounces off" the "hard-sphere" of a nucleus as we would expect for a baseball hitting a

1That is, in classical mechanics, the target area has a circular cross section. Later, we will see the cross
section in scattering described as the surface area of the sphere.
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target, truly it represents a neutron bouncing off of an otherwise attractive potential.

Beyond that quantum oddity, the idea of the nucleus consisting of a hard-sphere of

radius R isn't quite adequate. For 58Ni speci�cally, the interaction radius from which a

neutron is "bounced off" resembles that from a target with a radius of 14.4 fm, more

than three times bigger than the equation 2.1 predicts [1]. That length is referred to as the

coherent scattering length of the nucleus, bcoh .

As a brief aside to disambiguate the terms here used for the remainder of this disserta-

tion: scattering lengths in general will be referred to with b with no subscript and could

depend on a number of phenomena. Because scattering lengths are measured experimen-

tally, the �eld of scattering also delineates between coherent scattering length bcoh and

incoherent scattering lengths bincoh . The coherent scattering length bcoh can be thought

of as the portion of scattering from the bulk structure relying on the collective motion

of atoms in the structure. An image generated from purely coherent scattering retains a

clear and well de�ned structure with longer exposure times. Incoherent scattering bincoh

is the portion of scattering corresponding to relative atomic positions from variations of

individual atom's motion. When used in imaging, inelastic scattering makes the image

"fuzzy" with individual variations in a structure throughout a long exposure time. This

de-correlated relative atomic motion results from, for example, variations in an individual

atom's spin state as scattering is spin dependent.

Similarly, scattering is distinguished between elastic and inelastic scattering. In elastic

scattering events, the total kinetic energy is conserved although energy transfer can occur

from recoil events. Inelastic scattering refers to scattering events where kinetic energy is not

conserved and energy can be transferred between a neutron and, for example, excitations

of a crystal such as phonons or spin �ips in the target atom.

Perhaps unexpectedly, every nuclear isotope has widely varying scattering lengths.

Nickel-58 actually has the largest known coherent scattering length of all nuclei. Figure 2.1

compares all such neutron scattering lengths versus the atomic weight of the nuclei. The

dashed line represents the expected hard-sphere scattering length from using equation 2.1,

and the scattering length of x-rays (which primarily with the electrical �elds of the atom)

for different angles of incidence are shown.

For some rare atomic species, the interaction length bcoh is actually negative. In those

cases, the "bounce off" direction of the nucleus is actually attractive and towards the

nucleus.

The reason for all of these interactions can be understood by solving for the continuity

of the wave function of a neutron impinging on a spherical square well located at some
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Figure 2.1: The coherent scattering lengths bcoh for different atomic isotopes. Actual neu-
tron scattering lengths are shown in the jagged solid line as compared to the dashed line
representing the rough atomic size from equation 2.1. X-ray scattering lengths are shown
for comparison for different angles of incidence. Image originally from [2].

r = 0, having a potential of depth � V0
2, and a radius R as represents the target nucleus.

Given a spherically symmetric potential, the wave function of the neutrons will take the

form of the separable Schrödinger equation

 (r , � , � ) = R(r )Y m
l (� , � ), (2.2)

where Y m
l is the spherical harmonics term. If dealing with thermal ( 2200m/ s) neutrons or

slower, their wavelengths begin at roughly 0.1 nm and increase to above 50 nm and greater

for UCN. For these slower neutrons, the angular momentum about a nucleus ~hkR � 1,

as k = 2�=� and R is on the order of femtometers. Given that the angular momentum

is negligible, S-wave scattering dominates with l = m = 0, and, Y 0
0 � 1 (dropping the

normalization constants for now). S-wave scattering is angularly isotropic, and we can

2V0 � 40 MeV
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rewrite the wavefunction as

 (r ) =
u (r )

r
(2.3)

where I've also included the typical replacement for a radial wavefunction, R(r ) = u (r )=r .

While the hard-sphere potential with two well-de�ned regions is a useful approximation,

quantum scattering from nuclei actually requires three regions: inside the potential well

V = � V0, far outside the potential V = 0, and an intermediate transmission zone over which

V is suf�ciently small and decreases to 0. Inside of the spherically symmetric square well,

we can say that

u (r )inside = Asin(K r ), (2.4)

where A is a constant for normalization, and K is given by

K =

v
t 2m (E + V0)

~h 2 . (2.5)

Assuming that the impinging neutron(s) can be represented as a traveling plane wave, then

the wave function far outside of the spherical well ( r > R) can be represented as

 outside = e i ~k �~r + f (� )
e i k r

r
(2.6)

where k =
p

2mE =~h is the wave number of the neutron and f (� ) is the scattering amplitude

that tells the probability of scattering in a given direction � . Here, the �rst term represents

the incident plane wave and the second term represents the scattered wave centered on

the nucleus at r = 0.

However, since it was already decided that the wave function of the neutron does not

depend on angle for S-wave scattering, scattering into all angles has to be equally likely

such that f (� ) must be constant and we take the de�nition that

f (� ) = � b (2.7)

where b is a constant that we understand to be the scattering length. With this replacement,

 outside = e i ~k �~r � b
e i k r

r
. (2.8)

Then, for the intermediate range with r > R, but smaller than the de Broglie wavelength

such that r < 1=k , then it is possible to take the �rst order expansion of  outside for small k r
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such that e i k r = 1+ O(k r ) and

 (r )transition � 1 � b =r (2.9)

or

u (r )transition � r � b (2.10)

Expressing the transitional zone in this way, it can be clearly seen that at r = b , the wave

function disappears to 0 from which the external scattered wave function would appear

to begin. Thus, for negative b , the potential appears attractive, and for the more common

positive b , the potential appears repulsive.

The actual solutions for b for scattering from a single nucleus come from the demand for

continuity of the wave function and its �rst derivative at the boundary r = R. The solution

for that yields

b = R
•
1 �

tan K R

K R

‹
. (2.11)

The scattering length b is incredibly important in that it explains the physics of the

scattering experiment, and it is typically determined experimentally through re�ectometry

measurements. However, the quantity b is not measured directly in a scattering experiment;

instead, the differential cross section d �= d 
 is calculated. The differential cross section

represents a proportionality of scattering. In general, the larger the in�nitesimal incident

cross section d � , the larger the resulting scattered angle d 
 will be, and the proportion

between the two is determined by:

d �

d 

= j f (� )j2 = b 2. (2.12)

It is from this equation that coherent scattering cross sections � coh can be de�ned.

Integrating 2.12 over the full solid angle of a sphere yields that

� coh = 4� b 2
coh , (2.13)

which is equivalent to the surface area of a sphere of radius equal to the scattering length

bcoh .
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2.2.2 Cross Sections

Cross sections yield much more physical insight into a system than a �rst glance would

have implied: they imply the probability for a particular event to occur. Cross sections

can be attributed to all types of physical events from neutron capture to inelastic, elastic,

coherent, and incoherent scattering.

These interactions are strongly energy dependent and will vary wildly over the full range

of neutron temperatures. In general, fast neutron cross sections are quite low, and thermal

cross sections are high, but the ratios and exact energy dependence can be quite different

when discussing different physical processes. Capture cross sections in particular are said

to typically increase as 1=v for thermal and slower neutrons, wheras inelastic scattering

cross sections will peak at different phonon or other excitation energies.

Because a neutron is invisible to the naked eye and indistinguishable from other neu-

trons, it is hard to tell whether any one neutron interacts with any one atom. Similarly, a

cross section, typically on the order of barns ( 1 b = 10� 24 cm2), would not be something

that could be measured with a microscope. However, when dealing macroscopic quantities

like a �ux of neutrons incident on a material with moles of atoms, then the cross section

of neutron capture � capture is measurable as proportional to the rate of events. The cross

section is then proportional to the rate of captures Rcap by

� cap(E) =
Rcap

N � (E)
, (2.14)

where N is the total number of target nuclei available in a sample and � (E) is the incident

neutron �ux typically given in (# of neutrons) =(s cm2) and which could vary with neutron's

energy E. A particular target atom's capture cross section, � cap, can be thought of as the

area upon which an incoming neutron would have to be incident in order for the capture

event to happen.

Cross sections can be used in general to describe any type of neutron interaction, so

that

� (E) =
R

N � (E)
(2.15)

for any event rate R and related cross section � .

Sometimes it is more useful to express this equation not in terms of the total number of

nuclei N , but to replace it with nV = N where n is the number density. Doing this while also

noting that V � = v with v as the velocity of the neutrons so as to swap energy dependence
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for velocity dependence (since E = mv 2=2) yields:

� (v ) =
R

nv
, or

� nv =
1

�
,

(2.16)

where the second equation replaced the rate R with a time constant � = 1=R.

Because of the signi�cant variation in cross sections with neutron temperature, they

are in general dif�cult to determine experimentally when the neutron �ux does not have a

well de�ned energy spectra. Therefore, approximations must be made. Chapter 4 features

a more in depth theoretical discussion on these approximations in the context of a neutron

activation analysis experiment. For now, it is enough to state that for thermal and colder

neutrons, capture cross sections increase as 1 =v so that:

� cap(v ) =
2200 m/ s

v
� 0 (2.17)

Where � 0 refers to the capture cross section of 2200 m / s thermal neutrons. This equation

is only valid for neutrons colder than thermal neutrons, and the reason for it is that the

possibility of neutron capture increases linearly with time spent in close proximity to the

nucleus.

2.3 The Fermi Pseudopotential

As �rst mentioned in 1.1, UCN interactions with materials can be completely described

with the Fermi pseudopotential, UF given by:

UF = VF � iWF (2.18)

Where VF = Re(UF ) and WF = jIm (UF )j are the real and imaginary components of the Fermi

potential. These values will be introduced in detail in the following sections.

2.3.1 The Real Potential VF

We now seek to better characterize the transitional zone outside of the spherical well

potential of a nucleus. For nuclei of positive scattering length, they have a region of in�uence

for a repulsive interaction stretching outwards from the nucleus itself. This region was
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postulated by Fermi and his contemporaries to be able to be described by a small effective

potential UF . By necessity, this potential would need to be vanishingly small, and this fact

enables the proper use of the �rst Born approximation. The Born approximation assumes

that the incident wave is not substantially changed by the potential. With this, the outgoing

wave is assumed to still be a plane wave but differs in that it originates at the location of

the scatterer.

The second assumption here is that for UCN of wavelengths greater than 50 nm incident

on a material a material with typical atomic spacing of a few angstroms, what would

normally appear as a discrete set of delta functions can be viewed as a continuous body.

With this, the total wave function 	 of the neutron scattering from a continuous distribution

of �xed targets at ~r0 that don't recoil can be expressed as

	 (~r ) =  0(~r ) �
m

2� ~h 2

Z
e i k j~r � ~r0j

j~r � ~r0j
UF (~r0) 0(~r0)d 3(~r0) (2.19)

where m is the mass of the neutron. The implication here is that the second term yields a

scattering amplitude given by the following:

f (� ) = �
m

2� ~h 2

Z

U f (~r0)d 3~r0. (2.20)

And, as laid out in equation 2.7, the dominance of S-wave scattering yields that the

scattering amplitude is equal to the constant � b . For scattering from a �xed nucleus as

opposed to one that is free to recoil, b is actually scaled by a factor of m =� with � represent-

ing the reduced mass of the nucleus-neutron combination. However, because b is typically

determined experimentally, that factor will not be included in any further equations and

simply represented as b as is done in [24]. Combining equations 2.7 and 2.20 then yields

that the average Fermi potential should takes the total form

UF (r ) =
2� ~h 2

m

X

i

bi �
3(~r � ~ro ). (2.21)

Again, for UCN with their longer wavelengths, it is valid to treat the potential here as a

continuous potential with a spatially averaged scattering length:

VF =
2� ~h 2

m

1

V

NX

i

bi ,coh, (2.22)
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where the sum is performed over all N atoms per unit volume V with each atom hav-

ing an individual coherent scattering length bi ,c oh . The summation simpli�es down as

(1=V )
P N

i bi ,coh = nbcoh in the case of a monatomic surface with the same coherent scatter-

ing length bcoh and number density n = N =V .

2.3.2 The Optical Treatment: Re�ection and Transmission

Now with the real Fermi potential VF de�ned for a material's surface, it is now possible to

solve the one-dimensional Schrödinger equations for neutrons impinging on that potential.

In so doing, we unlock a description of re�ection and transmission for UCNs to give rise to

an optical treatment for neutrons.

For an arbitrary wavefunction incident on an ideal and real one-dimensional in�nite

half-plane potential V satisfying V = VF when x � 0 and V = 0 for x > 0, the wave function

normal to the plane  ? has well-known solutions as:

 ? (x ) = e � i k ? x + r0e+i k ? x , for x > 0

 ? (x ) = t 0e � i k 0
? x , for x < 0

(2.23)

where

k? =

v
t 2mE?

~h 2

k 0
? =

v
t 2m (E? � VF )

~h 2

(2.24)

with E? representing the kinetic energy perpendicular to the wall (ie: in the x direction for

the stated case), and

r0 =
k? � k 0

?

k? + k 0
?

t 0 = 1+ r0 =
2k?

k? + k 0
?

,
(2.25)

with r0 as the re�ected wave amplitude yielding a probability of re�ection de�ned as jr0j2,

and t 0 as the transmitted wave amplitude yielding a transmission probability of jt 0j2 =

1� j r0j2. When E? < VF for any angle of incidence, the re�ection probability is 100%and the

transmission probability is 0%, but quantum tunneling effects assure that a small amount

of penetration is always possible. The unique energy levels of UCN are de�ned such that,
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for trappable UCN in a given material, E < VF for any angle of incidence, so that they are

always re�ected. Still, UCN are always capable of tunneling inside of the surface some

distance which puts them within interaction distance of the nuclei themselves and presents

the possibility for loss.

2.3.3 UCN Loss and the Imaginary Fermi Potential WF

Outside of the ever present � -decay, a UCN is considered lost upon re�ection from a

material if it is either captured or upscattered in an inelastic collision to an energy range

above UCN energies. The possibility of these loss factors is proportional to the time that

a UCN spends near the nuclei once it has tunneled into a surface, or a 1=v dependence.

Quantum mechanically, loss can be described theoretically with an imaginary potential

which necessitates that, to truly represent material interactions, the Fermi potential UF

should have both a real and imaginary component (equation 2.18).

The Schrödinger equation expressed with this postulated complex Fermi potential is

i ~h
@  

@t
= �

~h 2

2m
r 2 + UF  . (2.26)

Referring to this entire equation as S, taking
R

(S�  �  � S)d 3~r gives:

d �

d t
= �

2� WF

~h
, (2.27)

where � represents the probability density. This ordinary differential equation has the

exponential solution that de�nes the decay of probability density as

� = � 0e � 2WF t =~h . (2.28)

Because the 2WF =~h factor in the exponent behaves as the inverse of a decay time

constant � , we can make the association with equation 2.16 above to de�ne:

2WF

~h
=

1

�
= n � lossv (2.29)

and

WF =
~h

2

1

V

NX

i

� i ,lossv (2.30)

where this second equation added the sum over all N nuclei in V to account for the possi-
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bility of a different � i ,loss for each i th nucleus.

The loss cross section is de�ned as the sum of the cross sections of capture and inelastic

upscattering � inel up , or:

� loss = � cap + � inel up . (2.31)

As per the discussion at the beginning of this section, it is assumed that this loss cross

section has a 1=v energy dependence. Therefore, although � loss depends on energy, it is

then possible to de�ne an energy independent scattering length bloss from this cross section

for UCN as

bloss =
k � loss

4�
. (2.32)

Combining equations 2.18, 2.22, 2.30, and 2.32 unlocks a new way of understanding the

Fermi potential:

UF =
2� ~h 2

m

1

V

NX

i

(bi ,coh � i b i ,loss). (2.33)

This potential fully describes a UCNs interaction with a material surface, and it is a unique

treatment only available for very long wavelength neutrons such as UCN.

2.3.4 Loss per Bounce of UCN

In applying the Fermi potential of equation 2.33, it is possible to de�ne a loss per bounce

probability for each hit on a surface. For any interaction with a well-de�ned surface material

with WF � VF , this probability can be expressed as

u (E) = 2�

–
VF

E
arcsin

� v
t E

VF

�

�

v
t VF � E

E

™

. (2.34)

Here u is the average loss-per-bounce probability where the average has been taken over

every angle of incidence on the surface, and � has been de�ned as

� = �
WF

VF
. (2.35)

In the high energy limit that the neutron's kinetic energy E = VF , then u = �� . For an

energy spectrum following a
p

E distribution, the average value is u � 1.42� . For a �at

energy spectrum, the average value is u = ��= 2. In the context of real materials, for a

pure stainless steel guide, the wall loss probability averages around 1.3E� 4 or 0.013%to a

maximum of 2.9E� 4 or 0.029%. It should be stated plainly here that these numbers are
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Figure 2.2: A graph of the wall loss probability de�ned in equation 2.34. The probability is
given in unit multiples of � from equation 2.35.

arrived at by averaging over an assumed isotropic velocity distribution and will decrease

if the velocity is primarily parallel to the surface. However, these percentages should still

be thought of as merely best-case scenarios: contamination in the storage volume from

hydrocarbons or any surface defects can drastically increase the loss probability as will be

described in the following section.

2.4 Energy-Dependent UCN Storage and Evolution

Although the de�ning characteristic of UCN is their ability to be contained, section 2.3.4

showed that not all UCN are contained equally well. All loss effects outside of � -decay

are energy dependent and lead to greater loss for higher energy UCN. Not only do higher

energy neutrons have a greater probability of loss per bounce (equation 2.34), they also

have much more frequent wall collisions on account of their higher velocities. Moreover,

in any real system, localized impurities are inescapable and higher energy neutrons can

explore the internal surface and �nd these impurities faster than lower energy neutrons.

All of this preferential loss will lead to spectral softening of stored UCN where the average
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energy of surviving neutrons grows progressively lower.

If a suf�ciently large population of UCNs is considered, the different loss mechanisms

can be modeled as an exponential decay for the different energy bands of the UCN popu-

lation. To do this, we assume that at some initial time t = 0, all neutrons are isotropically

distributed within a closed volume. To simplify this model for now, any gravitational po-

tential energy gradients in the volume are neglected and each neutron's total mechanical

energy can be thought to be purely kinetic and unchanging with height in the container.

If there are enough neutrons to treat the spectrum of energies as continuous, then the

evolution of that population over time can be given by:

N (t ) =

Z Vf

0

n (0,E)e � t =� st(E)d E (2.36)

where N (t ) is the total number of neutrons at time t , n (0,E) refers to the initial number of

neutrons at time t = 0 of each energy E, and � st(E) is the macroscopic energy-dependent

storage time constant of UCN within the volume.

The evolution of the spectrum can then be read as

n (t ,E) = n (0,E)e � t =� st(E), (2.37)

where n (t ,E) refers to the number of neutrons at time t with energy E.

The macroscopic energy dependent storage time constant � st(E) used in the above

equations includes contributions from the energy independent � -decay time constant,

� � � 880s, as well as the energy dependent storage time constant from the container itself

� cell(E). The container based time constant can be further split into the effect from the

primary wall material � wall (E) (which can be thought of as the macroscopic version of the

time constant de�ned in equation 2.29) and that from impurities or contamination � imp (E).

1

� st(E)
=

1

� �
+

1

� cell(E)

=
1

� �
+

1

� wall (E)
+

1

� imp (E)

(2.38)

� wall can be determined theoretically by averaging over the number of wall collisions for

a particular UCN and the likelihood of escape or capture for that neutron on every wall

re�ection. Assuming mechanical equilibrium within the cell, we recall the average loss per
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bounce probability equation 2.34 and write the energy dependent wall loss time constant

as:

� wall (E) =

s
m

2E

4Vcell

Awallsu (E)
(2.39)

where m is the mass of the neutron, Awalls is the total internal surface area within the

container, Vcell is the internal volume of the cell available to neutrons of energy E, and u (E)

is the probability of loss per collision from equation 2.34. As a reminder, the derivation of

u (E) required an average over all incoming angles of incidence and assumed isotropically

distributed velocities.

The contribution from � imp is the most dif�cult to predict. Contamination within a

storage container can be ruinous to the storage lifetime of the container on account of the

presence of hydrogen and its large upscattering and capture cross sections. In addition to

contaminants, the imperfections term � imp also includes any loss from cracks or gaps in

the container. From the context of vacuum science, a vast body of work exists to predict

the contribution to loss of a contained gas (or cloud of UCNs) from any through-hole

imperfections from cracks and gaps. The interested reader can look to Roth's discussion

of the molecular-viscous intersection point [28], a review by Nagler on the subject [29],

or more discipline speci�c approaches from within food science [30], nuclear safety [31],

and hermetically sealed electronics packages [32]. Theoretically, this approach could be

used to estimate the performance of a UCN storage vessel by �rst performing gas holding

measurements with helium at various pressures to predict the total cross sectional area of

any microscopic through-holes.

For the treatment of � imp here, it will be assumed that all imperfections within the

storage container have a 100%chance of loss on hit. Additionally, the potential for a so-

called "weak patch" within the container is included. A weak patch is thought to be a small

surface area AWP within the container of much lower Fermi potential VF,WP. What had been

previously thought to be anomalous loss of UCNs on Beryllium coated aluminum surfaces

was shown to be accounted for when considering the possibility of pinhole gaps or thin

coating through which neutrons can tunnel and be exposed to the lower Fermi potential of

aluminum [33; 34]. Allowing for the existence of wall imperfections and weak patches in
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the de�nition of the storage time constant from imperfections yields

� imp (E) =

8
>>><

>>>:

s
m

2E

4Vcell

Aimp, eff
for E < VF,WP

‚ � s
m

2E

4Vcell

Aimp, eff

� � 1

+

� s
m

2E

4Vcell

AWP

� � 1Œ� 1

for E � VF,WP

(2.40)

Here, Aimp, eff implies the effective cross sectional area of all imperfections within the cell.

For example, if it is assumed that 0.1% of the internal surface area is coated with a UCN

unfriendly grease and that there are no further imperfections, then Aimp,eff = 0.001Awalls .

Note that in this equation, Vcell refers to volume, and VF,WP refers to the real component of

the Fermi potential.

Figures 2.3 through 2.5 plot the time evolution of UCN systems stored in a sample

volume through the use of equation 2.37. Comparing the Figures is useful for considering

the effects that the energy dependent storage time constants have on the the evolution of the

UCN population within a system. Even in the case of material walls with no imperfections

(�gure 2.3), there is still a preferentially strong loss of higher energy UCN that leads to

spectral softening. Material imperfections or contamination with a high neutron loss cross

section (assumed to be so high as to perfectly lead to loss in Figure 2.4), can exacerbate

the loss of higher energy UCN. In particular, the existence of a weak patch in a storage

container of poorly coated material can lead to a step function of greater UCN loss at and

above the Fermi potential of the weak patch.

Another point exempli�ed in Figure 2.6 is that it is not the best idea to use the storage

time constant as the sole �gure of merit for the storage properties of a measurement

cell. This was initially the case for performance parameters pertaining to the nEDM@SNS

measurement cell characterization effort [35]. The decay curve representing a perfect cell

with the full spectrum of neutrons maintains the greatest count of neutrons over time

with an average time constant of � avg = 319 s, but the curve without any neutrons over 100

neV had the greatest time constant with � avg = 548 s. To truly decide on the best storage

design, it becomes paramount to involve in the experiment some kind of neutron energy

spectrometer to distinguish between the cases and assess the qualities of the UCN system.

Recent studies have attempted to extract the neutron energy spectrum from the storage

time measurements themselves, but show signi�cant limitations from uncertainties in the

container's effective loss per bounce ratio � eff which includes loss from impurities [36].

It should be noted that the theoretical treatment in this section is overly simplistic. For a
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Figure 2.3: Spectral evolution with no contribution from � imp . A theoretical evolution of
the neutron energy spectrum that shows spectral softening with time. The curves represent
equation 2.37 assuming a cubic volume with 10 cm sides, VF = 100 neV, � = 3E-4. This
approximation neglects any effects from gravity.
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Figure 2.4: Spectral evolution with internal contamination. The assumptions are the
same as in Figure 2.3, except now 0.1% of the internal surface area is covered in contamina-
tion / imperfections with 100% chance of loss on hit.
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Figure 2.5: Spectral evolution with internal contamination and a weak patch. The as-
sumptions are the same as in Figure 2.4, except now there is also a 1 cm2 weak patch
(corresponding to 0.17% of the internal surface area) with VF,WP = 100 neV.
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Figure 2.6: The exponential decay of the integrated counts of the previous three spectral
evolutions in Figures 2.3 - 2.5 as the perfect cell, 0.1% contamination with no weak patch,
and as well as a 0.1% contamination with a 1 cm2 weak patch (corresponding to 0.17%of
the internal surface area), respectively. The fourth curve represents a similarly perfect cell
where � imp = 1 , but the initial neutrons contained within the box all had energies below
100 neV. All four curves do not perfectly �t a single exponential decay as the time constant
has a strong energy dependence with an average value shown on the plot but that grows
smaller with higher energies.

more in depth analytical derivation of the time constants considering gravitational effects

and the speci�c container shapes, the reader can turn to Grigoriev et. al's work from 2024

[37]. As an additional caveat, this section only considered elastic scattering and loss from

capture event or upscattering beyond trappable UCN ranges, but the possibility of "quasi-

elastic" scattering with small energy transfers between UCN energy ranges was overlooked.

Quasi-elastic scattering has been shown to be primarily attributed to interactions with

adsorbed molecules on the walls of the trap from, for example, hydrogenous contamination
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or �ourinated polymers. A measurement of the probability of this small spectral heating

from fomblin oil was found to be close to 1E-5 per bounce [38].

Even when considering these caveats, the truth remains that UCN storage is a strongly

energy dependent process. And, because any experiment studying UCNs or using UCN to

study something else could be strongly affected by the range of UCN energies used in the

experiment, it is important to understand what the spectrum affecting properties of any

components used in a UCN system are. To minimize the dif�culty of analysis and to test

any energy dependent effects, neutron spectrometers should be utilized to isolate different

energy ranges within the system. A discussion of neutron spectrometers will be presented

in chapter 5.

2.5 UCN Transport

UCN transport is dif�cult, but is necessary for most experiments. In general, most UCN

sources are installed at a shared facility with branching paths to multiple "downstream"

experiments which can ultimately require meters of transport. Losses from transport are

considered so signi�cant for UCN experiments that more recent experiments have proposed

in-situ production of UCN within the same experimental volume to avoid any transport to

begin with [35]. However, in-situ production is the exception and not the norm; transport

and its related losses are typically unavoidable.

As the previous section highlighted, UCN population density will experience exponential

loss with time, and higher energy neutrons have shorter decay time constants. In addition

to this temporal loss of density, this section will bring forth a spatial loss of population

density from transport.

The transport of UCN in a guide is possible thanks to the fact that total internal re�ection

can occur for any angle of incidence as laid out in section 2.3. However, determining an

exact angle of re�ection during transport is complicated by the fact that for particles as small

as neutrons, any physical wall will have a rough surface with a chance to fully randomize

the direction of the re�ected UCN's velocity. Moreover, these wall collisions are inevitable

for UCN under most transport situations. Even an initially perfectly collimated �ux of UCN

will be forced by gravity to fall into a surface with the chance to randomize directions.

The net effect of these collisions is that UCN transport shares meaningful similarities

with that of diffusely expanding gasses for which entropy always increases. Thermodynam-

ics declares that, for diffuse gasses and UCN, the local phase space density will necessarily
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decrease for locations farther from the initial phase space density at a source. Likewise, for

conditions where UCN current is the desired optimization, diffuse transport will always

lead to a decrease in downstream current.

A long history of results exist from the con�uence of kinetic-gas theory and rare�ed gas

dynamics that attempt to model these decreases in molecular �ow from gas transport. And,

thanks to the similarities between rare�ed gasses and UCNs, the UCN physicist can borrow

from these equations to predict the same theoretical loss of UCN from transport alone.

Section 2.5.1 serves as a light review of these molecular �ow theories under continuous

development over the last century, and 2.5.5 compares the models to Monte-Carlo transport

calculations.

It is these Monte-Carlo transport simulations that provide the gold standard for theo-

retically determining molecular �ow transport through particular geometries wiith rough

surfaces. In addition to solving for transport alone, Monte-Carlo simulations can also in-

clude the UCN speci�c loss effects described in sections 2.3.4 and 2.4. Dedicated simulation

packages for UCN include PENTrack [39], MCUCN [40], Kassiopeia [41], and Geant4UCN

[42]. However, these simulations are unable to model the exact physical surface quality of a

true guide, so different models for the surface conditions have to be used as discussed in

section 2.5.3.

In general, when seeking to optimize both UCN transport and storage, the number of

material wall collisions should be minimized and the negative effects from each collision

should be mitigated. Each collision has a chance to either randomize the velocity of the

UCN and remove forward momentum, or it could lead to outright loss. The best practice

is to choose low-loss materials, highly specular guides, and ensure guides are kept clean

from contaminants. Where possible, the use of magnetic con�nement of UCN is preferable

in that collisions can be avoided entirely for properly polarized UCN. However, in cases

where material walls must be used for transport, a "UCN ampli�er" as discussed in section

3.5 can optimally prepare the UCN velocity to be maximally parallel to the walls which

minimizes loss. Highly specular guides can then help to preserve the parallel component

of the velocity, but initial preparation of downstream velocity also increases transmission

within more diffuse guides.

Up through this point, I have been repeating that transport is negatively impacted by

the types of wall collisions that randomize motion, but have not explained why and to what

extent. It is easy to understand that a loss of forward momentum leads to less downstream

transport, but to answer the "to what extent" part requires a dive into rare�ed gas transport

theory. As it would turn out, the question of extent has been an ongoing debate for more
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than a century. In the following section, I present some of the theoretical developments for

transport equations from the past century kinetic gas theory and rare�ed gas dynamics

then compare their results to Monte-Carlo simulations for UCN transport.

2.5.1 Rare�ed Gas Transport and UCN

Kinetic-gas theory, initially postulated by Daniel Bernoulli in 1738, is a simpli�ed model

of gasses for which a cloud of gas is thought to consist of purely elastically colliding tiny

particles which only interact via collisions. As a model, it also stands as a remarkably good

approximation for how UCN exist within a volume. Kinetic-gas theory a statistical approach

that seeks to describe the net behavior of many particles of an ideal gas. While much of its

usefulness falls apart for higher pressure and temperature environments, it still provides an

exceptional framework for understanding the lower pressure and energy end of the scale

which applies to both rare�ed gasses and UCN physics.

2.5.2 Flow Rates

Rare�ed gas dynamics is a term applied to the low pressure end of �uid dynamics, and a key

postulate within it is that a rare�ed gas experiences molecular �ow. Molecular �ow occurs

when the spatial density of the gas (or UCNs, in our case) is low enough that inter-molecule

(inter-nucleon) collisions are virtually non-existent and wall collisions dominate. Under

molecular �ow and using the hard-sphere model of a gas, the general equation for the

isothermal �ow rate of a gas from a large volume through a small channel is given by

Qm = W A

v
t kBT

2� m
� P (2.41)

where A is the cross-sectional area of the channel's entrance, kB is the Boltzmann's constant,

m is the mass of each molecule of the gas, and � P is the pressure differential across the

channel. Q is the pressure gradient dependent volumetric �ow rate, or the throughput. It

has units of power but here is given in units of torr liters per second. Determining W , the

probability for a particle that enters the channel to exit the channel from the other side, is

the crux of the problem. More than a century's worth of research has gone into determining

W speci�cally, and a discussion of that value will be the focus of the following sections.
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A different way of writing equation 2.41 is

Qm =
1

4
W Av � P, (2.42)

where the connection has been made that the square root term in equation 2.41 is equal to

the Maxwell-Boltzmann average velocity of the gas v divided by 4.

The throughput Qm arises as a net effect from averaging over the motion of the gas

as homogeneously distributed hard-spheres. To assist the connection to UCN for which

pressures aren't typically de�ned but number densities are, the more simple case of the

�ow of individual kinetic particles can be considered rather than the �ow of volumes of

gas. To do this, � P can be replaced by kBT � n , where � n is the difference in the number

density of particles on either side of the channel. After dividing over the kBT with units of

energy against Qm with units of power, we are left with the particulate �ow rate with units

of s� 1. Adding in the additional assumption that all particles begin in the initial volume

with number density n so that the number density of the exit volume is 0 and that � n � n ,

then the particulate �ow rate is

� exit =
1

4
W An v , (2.43)

where � exit is the average particulate �ow rate exiting the downstream end of the channel.

� exit was derived under the assumption that the homogeneously distributed particles in

the initial volume move in all directions equally such that average rate of particles entering

a channel with entrance area A occurs at a rate equal to

� in =
1

4
An v , (2.44)

so that combining equations 2.43 and 2.44 yields

� exit = W � in . (2.45)

Simply put, the average �ow rate out of the channel � exit is equal to the average �ow rate

into the channel � in multiplied by the probability to get out of the channel once the channel

has been entered.

The ratio � exit=� in = W holds as generally true for motion in one direction. Of course,

particles can enter a channel bi-directionally once it has been traversed so that after a long

period of time with a time constant inversely proportional to W , the number density of

particles in both volumes would eventually equalize. However, for UCN that can experience
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loss from � -decay and wall loss effects u , these equilibrium states are typically never

reached. Because of this, "single-pass" transport for which a UCN only traverses a channel

once is a fair assumption. With that assumption, it is reasonable then to allow the �rst order

approximation that

n2 � W1! 2n1, (2.46)

where n1 is the number density of UCN in the initial volume, n2 is the number density of

UCN in the downstream volume, and W1! 2 is the transmission probability for the channel

spanning the two volumes.

In many ways, UCN are the ideal kinetic particle and that allows the UCN physicist to

borrow from the well-developed �eld of rare�ed gas dynamics to understand their behavior

in a vacuum system. Because many of the assumptions that allowed the derivation of equa-

tion 2.46 work speci�cally well when applied to UCN and UCN sources, the transmission

probability W stands out as greatly important for predicting the behavior of a system.

Unfortunately, de�ning W theoretically is an incredibly dif�cult challenge. It depends

not only on the shape and length of the channel, but also the exact nature of the wall

interactions which changes with the gas (or nucleon) species, surface quality, and more. As

a result, W has historically been de�ned empirically as a net descriptive quality to match

theory to experimental results and simulations. While mathematicians may roll their eyes

at the presence of a magical factor freely de�nable to �t the context, I believe exploring

W is still an incredibly useful tool for conceptualizing experimental design. The following

sections are dedicated to comparing equations for W , but �rst, it is important to de�ne the

differing types of wall collisions that inform the transmission probability.

2.5.3 Specular and Diffuse Collisions

While trying to grasp the relative in�uence for each of the component parts of the transmis-

sion probability W , the effect of the size and shape of the channel are easy to see. A long and

narrow channel will necessarily have a smaller transmission probability than a short and

wide channel. Less easy to grasp initially are the effects of the exact wall-particle collisions:

how would a helium gas molecule fare versus a UCN? What if the channel is a perfectly

clean and bare metal versus a metal that has been exposed to air? These differences, while

many and varied and scope, can be boiled down to a primary question - what direction do

we expect the re�ection to take each particle?

Herein lies the most important difference between UCN and rare�ed gasses. Although
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(a) Lambert's Cosine Law of Emission

Figure 2.7: Lambert's cosine law of emission describes the probability for emission into
any angle for a particle emitted from a surface. It is also frequently used to approximate
the re�ection angle for a particle incident on a diffusely scattering surface (as shown by
the blue sphere incident on the rough surface). The emission or exit angle is completely
independent of the incident angle, azimuthally symmetric, and has a cos(� ) distribution
about the surface normal (which makes it most probable to emit completely normal to the
surface).

molecular �ow conditions are met for both, the exact physical mechanism of the wall

collision and "re�ection" differs. Whereas a UCN scattering off of a wall can be thought to

directly bounce off the wall (assuming that it was not absorbed or upscattered and lost),

rare�ed gas dynamics holds that it is more likely for a gas molecule to be adsorbed on

the wall and then emitted some time later at a randomly distributed angle best described

by Lambert's cosine law of emission (�gure 2.7a). For a system in equilibrium, the rate

of adsorption is equal to the rate of emission so that gas transport arises as a net effect.

Although a single gas molecule can immediately "bounce" or re�ect off the wall, it is a

signi�cantly rarer event than occurs with UCN.

Ultimately this means that for a smooth surface, UCN are much more likely to experience

specular re�ections for which the forward bounce angle is equal to the incoming collision

angle (�gure 2.8a) than gasses are. In any real experiment, however, even an exceptionally

well polished guide will have surface roughness on the scale of a UCN making for some

probability of diffuse scattering during which the bounce angle can depend on unknowable

surface roughness (�gure 2.8b).

Modeling diffuse scattering for the entirety of a physical surface where both micro and

macroscopic variations subtly in�uence the bounce angle requires simpli�cation. Different

models to do this for UCN are the microroughness model [43], the recently developed

microfacet model [44], and the Lambertian cosine scattering law as used for rare�ed gasses.
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(a) Specular Scattering (b) Diffuse Scattering

Figure 2.8: Specular and Diffuse Scattering of a UCN. Specular scattering, associated with
smooth surfaces, has a forward bounce angle equal to and within the same plane as the
incident angle. Diffuse scattering, associated with rough surfaces, appears to an outside
observer as randomly distributed.

Lambertian scattering, which will be the focus for the remainder of the chapter, assumes

that each surface has a percent chance for diffuse scattering f that yields a scattering angle

randomly distributed with the cosine weighting as depicted in Figure 2.7a. The remaining

percent of collisions, 1 � f , are assumed to scatter specularly forward. If f = 1, all collisions

lead to diffuse re�ections and for f = 0 all are specular.

The Lambertian model does not excel at predicting actual experimental transmission a

priori any data, and its validity as a model has been questioned [44; 45]. For the Lambertian

model to be useful, past experiments are required to estimate the ratio of collisions that are

diffuse versus specular for gasses or UCN in the given conditions. For UCN in polished NiP

coated guides and mirror-polished stainless steel guides, simulations and experiments have

shown that f is likely between 0.03� 0.05 [46]. However, this number is strongly dependent

on the surface �nish and cleanliness of the guide and could vary from section to section. For

comparison, rare�ed gasses in highly polished and cleaned channels of standard materials

like titanium and aluminum which haven't been exposed to air have an f likely between

0.7 � 0.9 depending on the gas species. As soon as those channels were exposed to air, f

creeped upwards to 0.96� 1 [47]. For completeness, it is worth mentioning that speci�c

advanced materials like carbon nanotubes can allow gasses to exceed the transmission

probabilities of UCN and approach transmission rates correlating to that of purely specular

transmission [48], but in general, diffuse scattering is far and away more common for gasses.
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2.5.4 Transmission Probability W

It has been established by now that the main components of the transmission probability

W can be considered to be the size, shape, and type of collision for the channel. For the

historical reason that f approaches 1 for gasses except under the most stringently clean cir-

cumstances, the �nal transmission factor for a guide is determined by the the transmission

for a purely diffuse guide � incorporated with a specular collision enhancement which is a

function of f . This discussion of the transmission probability is informed greatly by the

review by van Essen and Heerens (1976) [49] and the more recent developments by Qian,

Wu, and Wang (2023) [50].

The �rst empirical transmission probability comes from Knudsen (1909) [51]. Assuming

molecular �ow (now sometimes referred to as Knudsen �ow) through a uniformly cylin-

drical tube tube approximately � 100 times longer than it is wide, Knudsen's geometric

transmission probability is given by

� K =
8a

3l
(2.47)

Where l is the length of the channel, and a is the radius of the cylinder. Because � K is

a probability which is physically capped at 1, this equation becomes nonphysical in the

limit that a > 3
8 l . Still, Knudsen's � K n has stuck around as fairly accurate in the long-tube

approximation, l � a .

Recognizing the issue of a short-tube singularity, Dushman corrected equation 2.47 in

1922 by considering the transmission probability through a long tube to be given as the

sum of the impedance to get into the tube (with probability 1) and the impedance to travel

through the tube (with probability � K ). Adding in inverse and combining yields

� D =
•
1+

1

� K

‹ � 1

=
8a=(3l )

1+ 8a=(3l )
, (2.48)

where again we are considering only a cylindrical tube. � D remains physical over the full

range of a and l , and again approaches Knudsen's � K in the long tube approximation.

Limiting the discussion to the purely algebraic forms of � , the �nal one considered here

is the analytical form proposed by Berman in 1965 [52] in an attempt to recreate the numer-

ical tables from an integral de�nition proposed by De Marcus. Letting the dimensionless
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through-length to radius ratio of a cylindrical tube be represented as � = l =a , we have

� B = 1+
� 2

2
�

�
p

� 2 + 4

4
�

�
(8 � � 2)

p
� 2 + 4+ � 3 � 16

�2

72�
p

� 2 + 4 � 288ln(� +
p

� 2 + 4) + 288ln(2)
. (2.49)

Van Essen and Heerens argued that Berman's � B provided excellent accuracy throughout a

wide range of a and l ratios that made it a much superior equation to both � D and � K .

Up until now, the aforementioned equations 2.47-2.49, have only considered purely

diffuse scattering. The �rst attempt to consider an increase in transmission from specu-

lar collisions was suggested by von Smoluchowski in 1910 [53] based off of James Clerk

Maxwell's ideas. With that factor, von Smoluchowski's total transmission percentage WS is

given by

WS(� ) =
2 � f

f
� . (2.50)

In the limit of purely diffuse scattering f = 1, von Smoluchowski's formula approaches

WS = � , but in the opposite limit of mostly specular scattering as f ! 0, WS ! 1 which is

clearly nonphysical as a percentage. For room temperature rare�ed gasses traveling through

channels made from standard laboratory equipment, this was not an issue as f � 1. For

UCN, however, von Smoluchowski's result will almost always give a nonphysical answer.

De Marcus proposed a solution to the issue in von Smoluchowski's WS in a series of

reports from the mid twentieth century, one of which was collected in a book of confer-

ence proceedings published by Lawrence Talbot in 1961 [54]. De Marcus's correction for a

specular enhancement is given by

WD M (� ) = �
2 � f + � f

2� + f � � f
. (2.51)

When f = 0, WD M = 1 for perfect specular transmission and when f = 1, WD M = � , as

expected.

In 2023, Qian et al. [50] re-derived the specular enhancement to transport from �rst

principles that takes the ultimate form

WQ (� ) =
� K

f + � K � f � k
, (2.52)

which again follows the rule that as f = 0, WQ = 1 and f = 1, WQ = � .

And �nally, from the perspective of UCN physics, Golub et al. proposed in their 1991

textbook [24] a version of the transmission factor inspired by von Smoluchowski, De Marcus,
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and Dushman that can be expressed as

WG =
•
1+

3l f

8a (2 � f )

‹ � 1

=
•
1+

1

WS(� K )

‹ � 1

, (2.53)

where the term WS(� K ) is an expression representing the use of von Smoluchowski's WS in

equation 2.50 where � = � k from equation 2.47.

All expressions for � in this chapter were derived with the assumption of cylindrical

tubes of uniform cross section and molecular �ow. For a much more complete discussion

on the topic of molecular �ow through channels of varying cross-sections and everything

else, the interested reader can turn to Sharipov (2016) [55].

2.5.5 Monte-Carlo Simulation Results and Discussion

To compare the accuracy of the many forms of W , we turn now to Monte-Carlo simulations

completed in PENTrack. The goal of the simulations was to calculate a transmission prob-

ability for a guide of �xed radius and length to compare against the analytically derived

transmission probabilities. To do this, a 1 m long cylindrical guide geometry with a 10

cm diameter was created, Figure 2.9. Neutrons were initiated at one end of the guide and

distributed evenly across the full 10 cm diameter face. Their initial velocities followed a

Lambertian cosine distribution, as is expected for all molecular �ow derivations deter-

mining W . In order to isolate the molecular �ow dynamic transport effects, all loss per

bounce effects u were turned off, and gravity was also turned off. Both end caps were made

to be perfectly absorbing for all neutrons, and the transmission ratio was taken to be the

ratio between the neutrons absorbed on the downstream cap against the total number of

neutrons simulated.

Figure 2.9: The cylindrical geometry used for the PENTrack simulations, a 1 m long and 10
cm diameter tube. Both end caps were perfectly absorbing.
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For the simulated results, only the Poisonnian statistical error was considered. System-

atic error should be expected to exist, however, as the geometries were built as STL �les

which form all surfaces out of triangles and do not perfectly reproduce circular / cylindrical

bodies. Still, any deviation from round is expected to cause minimal effect here as the

exported geometry's deviation was less than 0.8� requiring at least 450 �at surfaces to

constitute a circle.

In the comparison, all three formulas for � were used (equations 2.47-2.49), but only

the specularly enhanced transmission probabilities from De Marcus, Qian et al., and Golub

et al. were considered (equations 2.51-2.53). Von Smoluchowski's specular enhancement

factor was not considered on account of the fact that it grows asymptotically large at small

f . Any potential asymptotic behavior from Knudsen's � K was avoided on account of the

radius satisfying a < 3
8 l when a = 5 cm and l = 100 cm.

Figure 2.10: The �rst plot of the simulation results versus the WQ and WD M values using
the three different � calculations as well as WG . This plot focuses on the primarily specular
collision end of the scale with f � 0.3. The three models incorporating WQ much more
accurately track the simulation results than the models using WD M or WG .

The full comparison of simulations and transmission probabilities can be seen in Figures
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Figure 2.11: A second plot showing additional transmission probabilities for increasingly
high diffuse probabilities f � 0.3.

2.10 - 2.12. Immediately apparent is that Qian et al.'s formula for the transmission probability

with specular enhancement ( WQ , equation 2.52) much more accurately tracks the simulated

results for transmission than De Marcus or Golub et al.'s formula. The different variants

of WQ are also roughly 8-12%lower than their equivalent WD M or WG formulations in the

typical range of f values quoted for UCN experiments, 3-10%. This implies that, for a guide

with a radius to length ratio of 1=20, even a small chance of diffuse scattering can more

strongly reduce the transmission probability than previous theoretical formations had

predicted.

For the speci�c geometry chosen, it is worth noting that the simulation results could be

fully bound between WQ (� K ) and WQ (� B ) if error bars are considered. That relationship is

unlikely to hold for all geometries, but at �rst glance it suggests a method for predicting

a range of possible transmission values for a known guide. At the most specular end of

the spectrum, WQ (� B ) most accurately predicted the transmission probability for all f <

0.05.WQ (� D ) actually offered nearly identical results for the same range as WQ (� B ) and
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Figure 2.12: The percent errors for each transmission probability formula against the
simulated data.

provided the most accurate prediction for f = 0.05. It was unexpected that the use of the

simplest long tube empirical transmission prediction of � k in WQ (� K ) had the greatest

accuracy for transmission probabilities between f = 0.1 and f = 0.5, but that range is

unlikely to apply for most UCN materials.

From this work alone, it would appear that WQ (� D ) and WQ (� B ) offer the greatest predic-

tive accuracy for typical UCN materials, and that a possible range of values could be given

for long guides with the outputs of WQ (� B ) and WQ (� K ). More work would be required to

determine whether these prescriptions hold over a wide range of radii and lengths, but

the use of WQ (� ) seems to be a promising improvement over the classic formulas of WG

and WD M (� ). Comparison to actual UCN experiments would be useful for ultimately vali-

dating these transmission probabilities, but real UCN would be subject to gravity and loss

effects that aren't considered in the ideal theoretical models and would result in even lower

transmission probabilities.

While simulations offer the greatest predictive power for determining the transmission

probability for a given guide geometry, they are time-consuming to set up and subject
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to their own errors and troubleshooting. For a much quicker calculation, using a good

theoretical model to predict the ideal case transmission rate (without loss or gravity) can

immediately be useful to inform design choices for experiments. It would appear that

calculating the transmission with WQ (� ) can set a more realistic upper theoretical limit

for UCN transport in an experiment than the more optimistic values predicted by WG and

WD M (� ).
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CHAPTER

3

NC STATE'S UCN SOURCE AT PULSTAR

3.1 Introduction

The NC State UCN Source at the PULSTAR reactor is nearing its �rst production runs. When

completed, the PULSTAR UCN source will join a small collection of UCN sources worldwide.

Operational UCN sources at the time of writing can be found at Institute Laue-Langevin (ILL)

in Grenoble, France [56; 57], Paul Scherrer Institute (PSI) in Villagen, Switzerland, [45], Los

Alamos National Lab (LANL) in Los Alamos, New Mexico, USA [58], TRIUMF in Vancouver,

BC, Canada [59], at the TRIGA Mainz reactor at Johannes Gutenberg University, Mainz,

Germany [60], and at J-PARC in Tokai, Ibaraki, Japan [61]. Outside of the NC State UCN

source, a few more sources are in development or planning stages including at the Heinz-

Maier-Leibnitz Zentrum in Garching, Germany [62], at the PIK reactor of the Petersburg

Nuclear Physics Institute (PNPI) in Gatchina, Russia [63], and at the Institute of Nuclear

Physics (INP) in Almaty, Kazakhstan [64].

This chapter seeks to introduce the principles of UCN creation before discussing the

NC State UCN source in particular. Recent updates in the design of the UCN source and

the results of recent UCN transport simulations for the source geometry will be addressed
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next. Finally, some results from collaborative simulations with Kazakhstan's UCN source

team for so called UCN focusing ampli�ers will be presented.

3.2 UCN Production

Rather unexpectedly from the context of a chapter discussing dedicated UCN sources, the

strongest sources of UCNs are actually the �ssion reactors or spallation sources of neutrons

themeselves. In a U-235 �ssion reactor, the emission spectrum of neutrons is de�ned by

the empirical Watt distribution as shown in Figure 3.1. By using that distribution, if it is

assumed that there are roughly 1016 �ssion events per second per 1 MWth 1 of reactor power,

trillions of UCN would be emitted per second per MW within the reactor core. However,

none of these UCN can be ef�ciently extracted from the reactor core. 1=v capture cross

sections ensure that UCN are likely to be absorbed in the moderator material required for a

reactor to operate, and UCN external to the material barriers meant to trap and guide them

would not be able to enter the storage volume. The next chapter, chapter 4, focuses on the

slow neutron transport to the source volume, but the remainder of this chapter will focus

on the UCN generation part itself.

Generating UCN within a dedicated source volume requires multiple stages of spectral

cooling. Fission and spallation reactions primarily produce fast neutrons which need to

�rst be thermalized to room temperature within a moderator. Once thermalized, a UCN

source will typically utilize a cold moderator between 20-60 K for neutrons to reach thermal

equilibrium with and become cold neutrons. From this point, the �nal conversion to UCN

occurs.

With respect to the �nal UCN conversion process, this dissertation will focus on su-

perthermal UCN sources as opposed to UCN generated through mechanical means. A

mechanical UCN source refers to UCN sources such as Steyerl's turbine source at ILL [56],

which achieves �nal cooling of very-cold neutrons (generally de�ned from tens of � eV

down to the UCN cutoff ) with a � 5 m vertical climb against gravity and a doppler shift from

a re�ection off a turbine blade rotating away from the incident neutrons. Superthermal

UCN sources instead work by letting incoming neutrons transfer almost all of their kinetic

energy to a phonon excitation within a converter material which can then be removed by a

suf�ciently powerful cryocooler. To better illustrate the operation of a superthermal source,

a theoretical introduction is in order.
1MWth: Megawatts of thermal power, as opposed to electrical power
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Figure 3.1: The Watt distribution function shows the energy spectrum of emitted neutrons
from Uranium-235 �ssion reactions. It can be assumed that roughly 10 16 �ssion events
happen per second at a 1 MW reactor, so that trillions of UCN are being produced every
second in the reactor core.

3.2.1 Neutron Moderation - Elastic Scattering

The primary way that fast neutrons are moderated into thermal equilibrium with a room

temperature or cold moderator are through elastic scattering events. Energy can be trans-

ferred in elastic scattering events through recoil which is only possible when the the target

particle can move; scattering from a �xed particle would prevent energy transfer. Down-

scattering speci�cally refers to any type of scattering event during which a neutron loses

energy, but elastic scattering events can also result in upscattering if the incident neutron

has a lower energy than the moderator.

For these elastic downscattering events, recoil cooling can be understood macroscopi-

cally with an impact parameter de�ned in nuclear engineering textbooks [65] as

� =
•

A � 1

A + 1

‹ 2

(3.1)

where A is the atomic weight of the nucleus. � is minimized for the lightest elements, and
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grows towards 1 for heavier elements.

Using this impact parameter, and assuming that the target nucleus is initially at rest,

then the average energy loss per collision ( h� E i ) with the light nuclei typically used for

moderation can be given as

h� E i =
1

2
(1 � � )E , (3.2)

where E is the energy of the incident neutron. The average energy loss is the greatest for

� = 0 at E=2 as is the case for pure hydrogen, but grows smaller for larger atomic weights.

This energy equation is only accurate for understanding the energy loss of fast neutrons

that are slowing down; for fast neutrons, a room temperature material appears to be at rest.

A characteristic number of collisions ( Ncollisions ) off the approximately motionless target

atoms which takes fast moving neutrons of initial energy Ei to a �nal energy of Ef can be

de�ned as

Ncollisions =
ln Ei � ln Ef

�
. (3.3)

Here, � again depends on the atomic weight of the target nuclei as

� = 1+
(A � 1)2

2A
ln

•
A � 1

A + 1

‹
(3.4)

For deuterium: � � 0.725, and for hydrogen: � = 1. Dropping from 0.7 MeV fast neutrons to

25 meV thermal neutrons has Ncollisions � 24 for deuterium, and Ncollisions � 17 for hydrogen.

However, as neutrons are slowed down, the target particles can no longer be approxi-

mated to be at rest, and energy transfers are more likely to occur in both directions. The

reason for this is that the principle of detailed balance must hold. Detailed balance de�nes

that, for a scattering system in thermal equilibrium, the rate of transition from one energy

state to another has to be equal to the reverse process. Mathematically, this is represented

as

� inel (Ei ! Ef )Ei e
� Ei =kT = � inel (Ef ! Ei )Ef e � Ef =kT . (3.5)

The exponential factor in this equation is sometimes referred to as the Boltzmann suppres-

sion factor; upscattering is minimized when the neutron energies are much higher than

the temperature of the moderator.

When considering the net effects of recoil cooling from many collisions, it is not pos-

sible to decrease the average temperature of the neutrons below that of the moderator.

Although individual elastic scattering events can result in neutrons over-cooling below the

temperature of the moderator, thermal equilibrium would be the lowest energy state that
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the statistical average of neutrons could hope to reach. While in thermal equilibrium with

the moderator, a neutron is equally likely to gain energy as it is to lose energy in any one

collision. In this state, neutrons can have their energy spectrum modeled by a Maxwell-

Boltzmann distribution. Assuming a continuous spectrum of neutrons, the number density

of neutrons at energy E, n (E), can be expressed as:

n (E) =
2n

p
E

p
� (kT )3=2

exp
•
�

E

kT

‹
, (3.6)

where n is the total number density of neutrons.

3.2.2 Superthermal Conversion and Inelastic Scattering

When considering thermal equilibrium alone, a moderator would have to be held at a few

millikelvin for UCN to be produced. Fortunately, while the cross section of elastically scat-

tering into a temperature range far below that of the moderator temperature is miniscule,

inelastic cross sections that donate neutron energy into phonons and produce UCN can

be much higher. These inelastic downscattering events mediated by phonons form the

mechanism of "superthermal" UCN sources which readily scatter neutrons into energy

ranges far below thermal equilibrium.

Inelastic scattering can be expressed in terms of the double differential cross section

which describes the probability that a neutron with initial energy E scatters into solid angle


 and �nal energy Ef as:
d 2�

d 
 d Ef
=

� inel

4�

k f

k i
S( ~Q,! ). (3.7)

In this equation, k f and k i represent the �nal and initial wave number of the neutron,

respectively, � inel is the inelastic scattering cross section, and S( ~Q,! ) is de�ned as the

dynamic structure factor or scattering law which describes the receptiveness of a material

to excitations. ~Q represents the transfer of momentum, ~Q = ~k i � ~k f , and ! represents the

transfer of energy equal to ~h ! = Ef � Ei .

In a superthermal source, cold neutrons are converted to ultracold energies through a

single downscattering event that far overshoots thermal equilibrium. This downscattering

occurs through the generation of a phonon (or phonons) in a crystal or super�uid. A phonon

is a quasi-particle that describes a phonon wave. These waves can be treated as normal

modes of excitation along each direction of the crystalline plane and can be modeled by

simple harmonic oscillations.
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The dynamic structure factor can explain the entirety of the scattering response, and

has been measured extensively for different converters [66; 67]. Ultimately, it is used to

provide the the production rate of UCN PUCN (in UCN per cm 3 per second), which is given

by

PUCN = nc� inel
~h 2

m 2

k 3
max UCN

3

Z
d � i

d Ei
S( ~Q � ~k i , ! �

~hk 2
i

2m
)d k i , (3.8)

where the approximations in S( ~Q � ~k i , ! �
~hk 2

i
2m ) were made by assuming that k f � k i for

scattering into UCN energies, nc is the number density of atoms in the converter, kmax UCN

represents the maximum k value for UCN determined to be storable in the container, and

d � i =d Ei is the incident split out over its energy spectrum.

3.2.3 UCN Source Methods

Outside of the currently operating Steyerl turbine UCN source at ILL, the rest of the sources

operating in the world today are superthermal UCN sources using either solid deuterium

(sD2) or super�uid helium-4 (He-II).

sD2 is chosen on account of the relatively low capture cross section to produce tritium,

a high ef�ciency for energy transfer, and the relatively large cross section of production for

superthermal neutrons. The production rate of UCN within sD 2 is notable for the fact that

it has a wide peak as can be seen in Figure 3.2: UCN production is high for a wide range of

incident neutron temperatures [3]. UCN loss in sD 2 can occur from elastic upscattering

through recoil heating, and inelastic upscattering. Inelastic upscattering can be either from

a spin �ip from para (anti-parallel nuclear spins) to ortho (parallel nuclear spins), or from

phonon upscattering. Inelastic upscattering can be minimized by choosing spin-polarized

ortho-deuterium to mitigate spin �ips, and by keeping temperatures below 5 K to minimize

phonon upscattering [68]. However, elastic upscattering is a serious concern as UCN with

average temperatures of a few mK are not in thermal equilibrium with sD 2 often held around

a few degrees K. Because of this, only small volumes of sD 2 are used for UCN sources and

accumulation of UCN is not recommended in the source volume. Also, sD 2 will frequently

have a non-neglible amount of isotopic impurity in the form of 1H which contributes to

loss. Because of these losses, and because of the high production rate of UCN within sD 2

sources, sD2 sources are considered to be current optimized UCN sources.

In contrast to the current optimized sD 2 sources, He-II typically makes for a density

optimized UCN source. He-II has a high but narrow UCN production rate for incident

neutrons of 8.9 Å which decreases the overall production rate for a standard �ux as compared
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Table 3.1: The coherent, incoherent, and capture cross sections of deuterium and helium-4
as well as their lighter isotopes. All data is taken from [1].

Material � coh (b) � inc (b) � cap (b)

Hydrogen 1.7583(3) 80.27(6) 0.3326(7)
Deuterium 5.592(7) 2.05(3) 0.000519(7)
Helium-3 4.42(10) 1.6(4) 5333(7)
Helium-4 1.34(2) 0 0

Figure 3.2: The production of UCN in sD 2 versus the temperature of the incoming UCN
spectrum. Image taken from [3].

to sD2 [69]. However, 4He has no capture cross section due to the non-existence of 5He, and

the probability of elastic upscattering is minimized as 4He is held at temperatures � 1 K.

Because of this, super�uid helium held at very low temperatures can theoretically be used

to accumulate high densities of UCN with loss stemming primarily from � -decay and wall

loss. This incentivizes He-II sources to utilize very large volumes of He-II inside of which to

accumulate a large density of UCN over time.
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For both types of UCN source, the primary challenge is the cryogenic requirements of

the source [70]. This is especially true for He-II sources with their large volumes and lower

temperatures. In a He-II source, the primary upscattering mechanism is a two phonon

scattering event that increases / T 7 at temperatures approximately below 1 K [71]. Crystals

and super�uids will be heated through the accumulation of phonons without removal via

external cooling. Therefore, a signi�cant limitation on superthermal sources, and particu-

larly the colder He-II sources, is the heatload they induce. A greater �ux of cold neutrons

incident on the converter volume increases the heatload on the converter, and the heatload

imposed by impingent neutrons must be balanced by the cryogenic heat removal out.

The phonon production downscattering cross section that serves as the UCN production

cross section within superthermal sources depends on the energy of the incoming neutrons

as seen in Figure 3.2. In order to optimally match the incident cold neutron spectrum

with the UCN production spectrum, a premoderator can be used. Premoderators are cold

neutron moderators with which the incident neutron �ux is expected to come into thermal

equilibrium with. For that reason, light elements are used or, at least, compounds with

high concentrations of light elements are used. Different examples include cold liquid

deuterium or heavy water [35; 57], solid or liquid methane (CH 4), polyethylene (C 2H4) [58],

or combinations of mesitylene (C 9H12) and m-xylene (C 8H12) or toluene(C 7H8) [72; 73]. All

of those listed are chosen on account of their high concentrations of hydrogen which has

the largest inelastic scattering cross section of all elements.

3.3 The NCSU PULSTAR UCN Source

The NCSU UCN source is a next-generation superthermal sD 2 based UCN source undergo-

ing �nal assembly for production runs as of the time of writing. The concept, engineering

design, supporting facilities, and associated studies of the UCN source have been described

elsewhere [74; 75; 76; 77; 78; 6; 79; 68; 80; 81], but an overview of the design with particular

focus on the as-of-yet unpublished design updates will continue below.

The source is being constructed at the PULSTAR reactor on campus. The PULSTAR

reactor at NC State is a 1 MWth 2 research reactor located in the heart of NC State's main

campus with a planned upgrade to a 2 MWth operational power underway. It is a light water

moderated pool-type reactor with Uranium-235 fuel, and has been operational since 1972.

The reactor is intentionally highly under-moderated so that the �ux density of thermal

2MWth: megawatts of thermal power as opposed to electrical power
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neutrons reaches its peak value outside of the core. To utilize this �ux of thermal neutrons,

the UCN source is to be inserted within the thermal column of the reactor. For ease of

insertion and removal for assembly or maintenance, the source is installed on a rolling rail

cart.

Figure 3.3: Schematic Drawings of the UCN source and its component parts within the
PULSTAR Reactor: a.) shows the cryostat elbow, b.) the full UCN source schematic, c.) cross
sectional view of the UCN source inside of the thermal column against the reactor core, and
d.) a full cross-sectional view of the reactor pool and UCN source assembly. (1) - Location of
SD2 crystal, (2) - Methane container, (3) - NiP plated quartz glass UCN guide, (4) - Aluminum
foil beam window, (5) - UCN source tank, (6) - Methane and Deuterium gas exchange lines,
(7) - UCN guide vacuum jacket, (8) - Barytes concrete biological shield, (9) - LHe supply
and gas return lines, (10) - Reactor core, (11) - Nose Port.

A primary research goal for the initial runs of the NCSU UCN source is to test a wide

range of premoderator conditions that source has been uniquely designed to vary. Previous

UCN sources have yielded confusing performance results with the cold premoderator.
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Figure 3.4: The steps of neutron production and downscattering available at the NCSU
UCN source.

MCNP calculations had predicted that the Mainz UCN source would increase UCN pro-

duction in sD 2 by a factor of 57 when using a solid methane premoderator between 10-20

K as opposed to having no premoderator [82], but when experimentally testing the two

conditions, the source showed only a 30% increase between the two cases [73]. The im-

plementation of heaters and temperature sensors on the premoderator enable study of

UCN yield against a range of temperature values. Also, the �ll line into the premoderator

container has concentric tubing (shown in Figure 3.5) allowing for selective �lling of either

methane gas or a liquid mixture of mesitylene and m-xylene.

3.4 Modi�cation of Guide and Simulations of UCN Extrac-

tion

After the insertion and �ux tests completed in December 2023 as detailed in chapter 4, it

was determined that more biological shielding was necessary to reduce gamma radiation

streaming through the UCN source. To accomplish this, two steel frame carriages were

welded to the back of the UCN source so as to add 6 inches of lead blocks near the exit of

the UCN guide, and 4 inches of lead blocks near the liquid helium transfer line outlet.
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Figure 3.5: The concentric tubing used for selective �lling of methane from the stainless
steel tube with the VCR �tting visible, or the liquid mesitylene m-xylene mixture inside
of the smaller brass tube. The outer tube with the KF-50 �tting is to be pressurized with a
helium cover gas to prevent leaking methane in the reactor bay in case of a leak from the
inner tube.

To allow the UCN extraction guide to pass beyond the additional lead shield blocks, a

new section was necessary to be added to the guide. Whereas the rest of the UCN guide in

the source is made from Ni-58 coated quartz, no new manufacturer was found with the

capabilities to machine large diameter ( 15 cm) quartz after the previous supplier had shut

down. Therefore the additional guide pieces were assembled from Ni-58 coated aluminum

guides, which is expected to have a rougher surface than quartz glass.

In order to determine the effect of these additional sections of guide and to update

previous simulations reported in [6], an updated model of the source was built for import

into PENTrack for simulations (Figure 3.6). These Monte-Carlo simulations were performed

to predict the optimum extraction ef�ciency of UCN from the SD 2 volume to immediately

outside of the biological shield, shown in the popped out display on the right edge of Figure

3.6. Previous simulations reported in [6] suggested a20%extraction ef�ciency for neutrons

that exited the sD 2.

For the updated simulations, neutrons were generated isotropically within the top
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Figure 3.6: The simulated geometry and material properties used in the PENTrack simula-
tion of the newly extended design of the UCN source. The new section of guide required
the additional guide sections circled in red. All guides are 16 cm in diameter. All material
re�ections were simulated with the lambert model.

0.1 cm of the 5.1 cm tall sD 2 puck that �lled full 16 cm diameter at the bottom of the

cryostat. The initial energy spectrum was generated with a
p

E d E distribution, and the

initial velocities were forward directed in a cosine-weighted distribution. Upon exiting the

sD2 bulk, neutrons received a 102 neV boost to their kinetic energies as expected upon

exiting the in�uence of the Fermi potential. These initial conditions were chosen so as to

isolate neutron transport from just outside of the sD 2 bulk rather than to simulate lifetimes

within the sD 2. To further isolate these results, an attempt was made to �lter out neutrons

that were lost before exiting the top sD 2 from the results. This �lter was imposed by removing

from consideration all neutrons that survived for less than 10 ms from calculated results.

This 10 ms corresponds to half of the expected lifetime of 20 ms representing a pessimistic

estimate of the neutron lifetime within sD 2 as determined in [83].

The 20 ms lifetime set in the sD 2 crystal was achieved in PENTrack by varying the

imaginary Fermi potential and diffuse scattering probability in a set of benchmarking

simulations. The values landed on are what is reported in Figure 3.6. This lifetime only

represents an absorption lifetime as the modeled object for the PENTrack simulations
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was a perfect cylinder representing a single optically clear crystal. In reality, ice layers and

rounded crystal surfaces can occur as studied in [68]. These features would ultimately lead

to a decreased UCN extraction ef�ciency against what the optically clear crystal could

achieve. Ultimately, the NCSU UCN source hopes to test the effects of different crystal

properties on UCN yield after studying different recipes for their growth in [68]. Therefore,

the results studied in this simulation represent the optimistic extraction ef�ciency from a

perfect sD 2 crystal.

Two sets of simulations were completed with 500,000 neutrons each. The �rst set of

simulations considered all guides, including the extra length, to be of the same surface

�nish and material properties. The second set of simulations used the exact same geometry,

but increased the chance of diffuse scattering from 3% up to 10%for the extra lengths of

guide circled in Figure 3.6. The change in diffuse scattering probability was implemented

to determine the drop in extraction ef�ciency that could result from switching to a rougher

Ni-58 coated aluminum guide sections versus the original Ni-58 coated quartz. Successful

transmission was considered to occur if a neutron passed all the way through the guide

and was counted on a perfectly absorbing detector simulated to �ll the full diameter of

guide at the location representing the exit from the biological shield.

3.4.1 Results and Discussion

For the �rst set of simulations that assumed all guides to have the same surface �nish (and

to all be Ni-58 coated quartz), the successful extraction ef�ciency for neutrons that escaped

the sD2 was simulated to be about 33.8%, and that dropped to approximately 32.1% with

the three sections of guide converted to 10%diffuse scattering. Losses in sD 2 constituted

the majority of losses for both guide conditions, at 34.6% and 35.7%, respectively. Loss in

sD2 could include neutrons that were lost in the sD 2 bulk after the 10 ms �lter which had

never escaped, but it also includes that from neutrons that returned to the sD 2 and were

lost.

To examine the result of the 10 ms �lter, the un�ltered results were also analyzed. The

extraction ef�ciency to the end detector for the un�ltered results decreased from 33.8%

down to 32.2%for the uniform guide, and from 32.1%down to 30.6%for the simulation with

the sections of guide with 10%diffuse scattering. This drop was considered small enough

to deem the effect of the �lter to not drastically change any results, but large enough to

mitigate some of the loss in the sD 2 bulk.

The other major source of loss in these simulations was on the aluminum foil. This loss

51



Figure 3.7: A graph depicting the percent of all neutrons that were spawned versus the
three most common points of loss, or successful transmission as is the case for the end
detector. Error bars were set assuming a Poisonnian statistical error distribution.

does not include any neutrons that would have had too low of an energy to pass through

the aluminum and were re�ected, and it only considers losses from upscattering or capture

as modeled through the imaginary Fermi potential of the aluminum.

These extraction ef�ciencies suggest that the optimal extraction ef�ciency from the sD 2

is higher than had previously been expected. The increase in extraction ef�ciency from 20%

to 32.1% implies an increase in UCN delivery by a factor of approximately 1.6. This would

imply that the expected UCN delivery from the source of 30 UCN / cm3 would increase to 48

UCN/ cm3. Again, this increase is expected to only be realized in the case of a perfect sD 2

crystal, but can serve as an optimistic upper limit for the UCN yield of the NCSU source.
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3.5 Focusing Neutron Ampli�ers

Whereas NC State's UCN source is an sD2 source, the ALSUN UCN source in development in

Almaty, Kazakhstan is expected to be a He-II source. He-II sources often have much stricter

cryogenic requirements than sD 2 sources as they utilize a much larger volume of converter

material and are held at lower temperatures, sub 1 K for the ALSUN source. Because of this,

and because He-II sources are density optimized that rely on long accumulation times and

great source densities to supply experiments, He-II sources can bene�t from having small

aperture UCN guide entrances leading away from the source volume. The smaller aperture

makes it more dif�cult for blackbody radiation to enter the source from room temperature

UCN guides, and it allows source densities to increase faster as the rate at which UCN exit

is smaller for a smaller aperture guide.

At mechanical equilibrium, the rate at which UCN enter an aperture is given by equation

2.44. It scales linearly with respect to the opening area A, or / r 2 with r as the radius. While

the decrease in the particulate �ow rate out speeds the accumulation time of the source, it

also greatly decreases the �ow rate of UCN into an experiment.

To make up for some of this decrease in �ow rate for experiments downstream of

the source, the idea for focusing guide ampli�ers were developed in collaboration with

Kazakhstan's ALSUN team for implementation at the ALSUN UCN source [64]. Taking the

ideas of a parabolically focusing mirror, a UCN ampli�er is a tapered section of guide

that expands from a smaller diameter to the full diameter of the guide. The idea is that if

neutrons enter the guide with a cosine-weighted downstream velocity, a specular re�ection

from the tapered walls would lead to a velocity parallel with the downstream guide axis.

This idea had elsewhere been presented for use for thermal neutrons with so called ballistic

neutron guides in [84].

Simulations of these focusing guide ampli�ers in various con�gurations have been

reported on in [64; 85]. All simulations presented in [64] and most presented in [85] were

completed independently by myself in PENTrack and by Khac Tuyen Pham in a separate

ray tracing Monte-Carlo simulation package and both parties results were in agreement. All

simulations presented in those reports, however, were primarily proof of concept ballistic

simulations of monoenergetic neutrons that only bounce specularly and do not experience

gravity.

To expand on the results presented in those reports, a small suite of simulations were

carried out in PENTrack under more realistic guide simulated conditions to determine if

the effectiveness of the focusing guides still holds.
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3.5.1 Simulations

For these simulations, two focusing geometries and one control geometry were simulated.

The focusing geometries utilized either a parabolically focusing ampli�er with the focus

at the center of the aperture, or a straight walled focusing ampli�er. Both options with

dimensions are shown in Figures 3.8a and 3.8b. The control geometry, which is not pic-

tured, utilized a uniform diameter guide of the major guide diameter (as opposed to the

smaller diameter of the aperture). These simulations assumed a 1 cm entrance aperture

that expanded to a 6 cm major diameter guide.

UCNs were spawned in a random distribution through the full diameter of the entrance

aperture, and had initial velocities cosine distributed in the downstream direction. Energies

were simulated in a
p

E d E distribution ranging from 0 to 300 neV. All materials within

the guide were simulated with VF = 320 neV, WF = 0.0288neV, and with a Lambert diffuse

re�ection probability of 3%. A perfectly absorbing plate was set before the entrance so as to

remove any neutrons that returned to the source. Likewise, a perfectly absorbing "detector"

was set at different locations downstream of the entrance in the guide so as to determine

the ratio of neutrons that make it to the end detector versus the total that were simulated.

The percent transmission was measured at three different locations downstream: at 10 cm

from the entrance (directly at the end of the ampli�er), 20 cm from the entrance, and 210

cm from the entrance. Transmission is calculated mathematically as:

T =
NUCN absorbed in end detector

Ntotal simulated
. (3.9)

In addition to the transmission, a percent alignment of the neutron velocities parallel

to the forward velocity direction was measured for neutrons that were absorbed on the

end detectors as the value of ~v 2
k =~v 2

tot averaged over all exiting neutrons. Also, the average

number of wall hits that occurred for each neutron which successfully made it to the end

dectector in the the guide was calculated. The results of these simulations are discussed in

the following section.

3.5.2 Results and Discussion

The UCN transmission, T , for the three simulated geometries and compared to theoretical

results calculated using WQ and � B from equations 2.52 and 2.49 are shown in Figure 3.9. The

results show signi�cantly higher transmission when using both focusing guide ampli�ers

than without for all distances downstream. These results persist even 210 cm downstream

54



(a) Parabolically Tapered Ampli�er (b) Straight Tapered Ampli�er

Figure 3.8: The dimensions and shapes of the two different types of ampli�er simulated.
The point of a UCN ampli�er is to redirect the velocity to be as downstream as possible

Table 3.2: Percent velocity alignment parallel to the downstream direction at different
distances through the guide for each of the simulated geometries. Velocity alignment was
calculated as ~v 2

k =~v 2
tot averaged over all exiting neutrons.

Velocity Alignment 10 cm 20 cm 210 cm

Parabolic Taper 96.4% 95% 87.0%
Straight Taper 95.0% 93.5% 85.2%

No Taper 49.7% 50.6% 57.3%

Table 3.3: The average number of wall hits recorded for each neutron that successfully
made it to the end detector for each length and simulated geometry.

Avg. Hits to Exit 10 cm 20 cm 210 cm

Parabolic Taper 2.6 3.4 36.1
Straight Taper 3.2 4.1 39.5

No Taper 4.2 7.0 65.0
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Figure 3.9: The simulated transmission percentage for the two ampli�ers versus the
straight guide with no ampli�er and the theoretical values using WQ and � B .

from the entrance which suggests that the focusing effect is successful at realigning the

entering UCN velocities into the downstream direction.

That focusing effect is directly con�rmed by the results in Table 3.2. The fact that the

velocity alignment increased with distance in the case of the guide with no taper suggests

that the neutrons that make it further downstream are those that initially started with

velocities aligned in the downstream direction as those are much more likely to travel the

full distance. The opposite effect occurs with the parabolic and straight tapered guides,

which again suggests that the focusing guide ampli�ers were overwhelmingly successful

at redirecting UCN into the downstream direction. This alignment was also successful at

decreasing the average number of wall hits for each neutron that exited as seen in Table

3.3, which contributed to the increased transmission due to less loss upon re�ection.

To summarize the effect, tapered guide entrances should successfully increase the
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downstream transmission both by redirecting velocities downstream and decreasing the

amount of loss on re�ection. In general, the parabolically focusing guides proved to be

the most effective, but the increase in performance was not very pronounced when com-

pared to the straight tapered focusing ampli�ers (from 98.6% to 97.8% transmission at 210

cm). Straight tapered guide ampli�ers should be signi�cantly easier to manufacture than

parabolically curved ones and so can be considered a cost-effective replacement for the

parabolic ampli�ers.

It is important to highlight a signi�cant caveat for these results: although the transmis-

sion percentage is much greater for the guides with the ampli�er construction than was

simulated for the case without an ampli�er, the case without is still capable of transmitting

many more neutrons to a downstream experiment. The rate at which UCN can enter the

guide is proportional to the area of the opening, as evidenced by equation 2.44. So, although

there is roughly a factor of two increase in transmission percentage for the focusing guides

210 cm downstream of the opening, the basic / no taper case would have 36 times more

neutrons in the guide because its opening aperture is 36 times larger. If we instead introduce

a spatially averaged transmission T � calculated with a two dimensional number density n

as

T � =
nUCN absorbed in end detector

n total simulated
=

Aentrance

Aexit

NUCN absorbed in end detector

Ntotal simulated
, (3.10)

then the modi�ed transmissions for the focusing guides would all be around 2.7%, and the

guide with no taper would be unchanged.

Therefore, the implementation of tapered guide ampli�ers should only be considered

when the particular demands of a UCN source require a smaller aperture opening. Smaller

apertures will always imply a smaller downstream �ux of neutrons, even if a focusing guide

element stands to increase �ux relative to what would have been possible with a uniformly

smaller diameter guide.
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CHAPTER

4

THERMAL FLUX MEASUREMENT FOR

THE NCSU UCN SOURCE

Before a neutron can be made to be ultracold, it must �rst be broken free from a nucleus

in a �ssion or spallation reaction. And, while a signi�cant number of neutrons released

in these reactions will be ultracold to begin with, only UCN generated inside of the UCN

guide system can be used. For this to happen, the �ssile or spallation neutrons must �rst

be transported to the UCN source.

Calculations of neutron �ux are typically made by performing monte-carlo simulations

with a program like MCNP [86], but experimental measurements of �ux are made by per-

forming neutron activation analysis. This chapter will describe the theory and results of a

neutron activation analysis experiment performed at the NC State's PULSTAR reactor in

order to determine the �ux of thermal neutrons available at the NCSU UCN source, and

ultimately the expected UCN production rates within the source. The results of this test are

published and available at [80].
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4.1 Introduction

In theory, UCN production should grow linearly with respect to any linear increase in inci-

dent neutron �ux (as seen in the integral term of equation 3.8). In particular, the production

rate of UCN is maximized for incident neutrons in the range of 30-40 K when considering

the effect of single and double phonon production as per Figure 3.2. The natural conclusion

from these two facts is that the optimal UCN source requires the maximum cold neutron

�ux that the cryogenic converter's cooling system can handle.

A challenge inherent to that goal is that 1=v capture cross sections (equation 2.17)

for slow neutrons lead to signi�cant decreases in �ux for slow neutrons. Because of this,

the intentionally under-moderated PULSTAR reactor presented a unique optimization

opportunity for the attached UCN source. First, the �ux of non-equilibrium epithermal

and fast neutrons was maximized through the special design of the beam port leading to

the thermal column as shown in Figure 4.1. And second, these non-equilibrium neutrons

are externally moderated in the attached heavy water tank surrounding the UCN source

cryostat elbow (�gure 3.3).

Figure 4.1: Components of the UCN source beam port including the Shielding Box (SB)
and Nose Port (NP).

In practice, the gain in UCN production achieved by increasing �ux yields an increased
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heat load that must be covered by the source cryostat's cryogenic system. Additional heat

in a converter increases UCN loss from upscattering approximately / T 7=2 [7], so a proper

optimization of UCN production requires careful weighing of incident �ux and cooling

power.

The design of the NC State UCN source was informed by �ux results gathered through

simulations with release 2 of the Los Alamos MCNP6 Monte Carlo neutron transport code

[86]. To con�rm these simulation results, an original series of gold foil �ux characterization

measurements were performed with a test tank in 2009 and 2010 and reported on in [79; 80].

The focus of this chapter is on the updated measurements also reported in [80] which

were repeated in December 2023 when the full UCN source was assembled (excluding the

cryostat, internal UCN guides, and cryogen transfer system) and inserted into the source.

The goal of these updated measurements were to characterize the �ux in the actual UCN

source construction, determine to what extent changes to the beam port completed in

2022 had affected in the �ux, and to measure gamma radiation for �nalizing the biological

shield design.

4.2 Foil activation method for neutron �ux characterization

Neutron foil activation analysis was utilized to characterize the neutron �ux delivered

to the thermal column. Here, the basics of the foil activation method necessary to those

measurements is presented.

For the test, two foil materials were used: gold and indium. Additionally, some gold foils

were covered in cadmium �lters so as to separate out the epicadmium part of the spectrum

from the uncovered foils' results.

Gold, which is readily available as isotopically pure 197Au, can capture a neutron to form
198Au which will then beta decay to 198Hg with a half-life of 2.694 days. This capture process

has a thermal neutron capture cross section � 0 = 98.7 b. Upon decay, a signature 411.8 keV

gamma is released 95.6% of the time. The full energy spectrum dependent cross section of

gold is shown in Figure 4.2.

Indium, which has a higher thermal neutron cross-section ( � 0 = 159 b) and a shorter

half-life than gold, was also used for determining the �ux for locations that would receive

less total �uence 1. Indium naturally exists as a composition of 4.29% 113In and 95.71% 115In.

When 115In captures a neutron, it has a 79% chance of entering the meta-stable state of

1Fluence is the total accumulated �ux over time in units of inverse area. It is calculated as the integral of
�ux with respect to time.
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116In m which has a complex beta decay emission tree and a half life of 54.29 minutes. The

full energy spectrum dependent cross section of indium is shown in Figure 4.3.

Figure 4.2: The neutron capture cross section for gold with approximate energy ranges
relevant to �ux activation measurements highlighted in different colors. Epithermal as a
range can either refer to all neutrons of energies � 5kT , or refer to the range colored in
yellow which stops at the energy range of resonance neutrons for gold. GAI was used to
upscale the quality of the original Figure from [4], but the coloring and energy spectrum
labels were added by the author.

4.2.1 Foil Activation Theory

When performing neutron activation analysis on foils within an unknown �ux �eld that

is non-homogeneous, it is not possible to determine the exact neutron �ux, � . Instead,

the �ux determined from foil activation methods is typically referred to as the thermal

equivalent or 2200 m/ s �ux, � 0 which is an approximation of the true thermal neutron

�ux made by assuming that all thermal neutrons have the same cross section as 2200m/ s

neutrons, � 0.

Although the activity of the foils can be determined with high precision, converting that
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Figure 4.3: The neutron capture cross section for indium with the dashed line representing
the energy of thermal neutrons. GAI was used to isolate the capture cross section for Indium
in the Figure from [5].

activity into an exact �ux requires precise knowledge of the energy-spectrum dependent

cross section, � . However, the energy spectrum can't be known without knowledge of the

�ux [87]. Cadmium �lters are used to reduce some of the uncertainty in the energy spectrum

by effectively blocking all but epicadmium neutrons from activating the foil, but that still

leaves a non-negligible contribution of epithermal (yet subcadmium) neutrons which

can shift the total cross section of the target foil. To deal with these dif�culties, different

simplifying assumptions have arisen and form the basis of the different conventions for

foil activation �ux analysis. The theory in this chapter follows the Stoughton and Halperin

convention as described in the standard [88].

The simplest case of foil activation analysis for determining the thermal neutron �ux is

when a foil is exposed to a well-thermalized incoming �ux of neutrons that form a Maxwell-

Boltzmann distribution with a mean value of 2200m/ s (which will be referred to as v0). In

this case, the �ux is determined from the foil's neutron capture rate R which is assumed to

be equal to R0, the capture rate for the thermal equivalent �ux:

R = R0 = Ni � 0� 0, (4.1)
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where Ni is the total number of target atoms available in the foil. Equation 4.1 for R also

assumes that the target foil is suf�ciently thin, but in practice, a thermal self shielding factor

Gth must be included in this calculation as shown below.

While the capture rate can not be directly measured, it can be determined as a function

of the time of irradiation and the activity A. Every atom that captures a neutron will follow

a decay path which results in the detectable release of characteristic gamma rays at a rate

consistent with the half life. During a discrete timestep of irradiation of time t a , atoms

activated at a rate R will immediately start to decay and continue to decay after radiation

has ended so that the activity gained during the timestep t a , Ai , is

Ai (t w ) = R
�
1 � e � � ta

�
e � � t w , (4.2)

where t w is the time waited after radiation, and � = ln (2)=t 1=2 is the decay rate which depends

on the half life t 1=2.

Placing the irradiated foils in a gamma detector such as a high-purity germanium

(HPGe) detector allows one to determine the activity as some function of the measurable

count rate, C . The ratio between count rate and the actual activity is the ef�ciency " of the

detector, and that must be measured with a radioactive standard of known activity for a

given detection geometry. Including that, the thermal equivalent �ux is

� 0 =
C e� t w

pN i � 0Gth g" (1 � e � � ta )
, (4.3)

where p is the branching ratio or the probability of emission for a particular gamma ray, Gth

is the self shielding correction factor for thermal neutrons which depends on the thickness

of the foil, and g is the temperature and material dependent Westcott correction factor.

For the situation of a non-homogeneous �ux where a signi�cant number of epithermal

and fast neutrons are expected, it becomes useful to separate the total capture rate R out as

R = R0 + Repithermal + RCd, (4.4)

where Repithermal is the capture rate for epithermal yet subcadmium neutrons and RCd is

the capture rate for epicadmium neutrons. While RCd can be calculated by measuring the

activity of the cadmium covered foils and R through the activity of the bare foils, a further

assumption must be made to remove Repithermal so that R0 can be isolated. When following

the Stoughton and Halperin convention, it is assumed that the epithermal spectrum has a
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1=E shape. To do this, the following approximation is made:

Repithermal + RCd � RCd

•
1+

g� 0 f1

GresI0
+

� 0w 0

GresI0

‹
= RCd
 epithermal , (4.5)

where f1 and w 0are temperature dependent correction factors describing the epithermal

activation and the change in cross section just below the cadmium cutoff, respectively,

and I0 is the resonance integral. Values for all three of these are available in [88]. The

term 
 epithermal is a shorthand for the correction factor term in parenthesis within equation

4.5. After making these assumptions, the thermal equivalent �ux component of a non-

thermalized �ux can be found as

� 0 =

�
Cbare � CC d 
 epithermal

�
e � t w

pN i � 0g Gth " (1 � e � � ta )
. (4.6)

Although equation 4.6 provides a better approximation of the thermal equivalent �ux

in a non-thermalized �ux �eld than equation 4.3, it is worth restating that � 0 will not be

equal to the true �ux. In general, the greater the variance of the thermal spectrum from a

Maxwell-Boltzmann distribution around v0, the worse the agreement between the thermal

equivalent �ux and the true �ux. And, as is the case for the PULSTAR UCN source, a greater

presence of epithermal neutrons will result in the calculated � 0 under-predicting the actual

�ux because epithermal capture cross sections are less than thermal cross sections.

To remedy this, an effective �ux-weighted cross section can be recalculated from the

MCNP simulated �ux. The effective thermal cross section � th was found by taking the

discrete �ux � i per energy group i and combining that with the approximate discretized

cross section � i at each energy group in the following equation:

Effective � th =

P
i � i � iP

i � i
. (4.7)

This sum is performed over the entire thermal spectrum up until the cadmium cutoff energy

of about 0.5 eV. All �ux values for use in this equation were taken from MCNP calculated

�uxes.

In order to report results without any approximations as is necessary with the deter-

mination of the �ux, the concept of the normalized activity A0 can be introduced. The

normalized activity corresponds to the actual activity through the following equation

A0=
A

Ni Gth (1 � e � � ta )
. (4.8)
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Representing the activity like this normalizes out any differences in foil thickness, mass,

and time of irradiation.

4.3 Experimental Setup

Foil activation measurements were performed within the UCN source apparatus in a con-

�guration as close to the �nal operational con�guration as possible (the inner cryostat

insert and methane containers were not installed to avoid activation).

4.3.1 Beam Port Assembly

The Thermal Column (TC) wall separating it from the reactor water pool is located 85 cm

away from the core. The beam port for the UCN source includes 3 parts: two installed in the

reactor pool (called the Shielding Box (SB) and Nose Port (NP)) and one graphite structure

added on the TC side of the pool liner (�gure 4.1). The NP and the internal TC structure

both feature a 45 cm square central void surrounded by 20 cm of graphite. The SB replaced

the Rotary Exposure Ports (REPs) and is able to displace 12.7 cm of water between the NP

and the core when pressurized with helium gas. It contains a 2.54 cm thick lead plate to

reduce heating of the source by core gammas and can be removed independent of the nose

port to change the type or thickness of the shielding material.

4.3.2 Gold Foils and Indium Sample Placement

The con�guration used the real D 2O moderator tank with the actual void inside of the tank

made by the vacuum jacket of the cryostat insert. Both the cryostat vacuum jacket and the

vacuum jacket for the UCN guide were open to atmosphere and empty except for a long

aluminum wire on which the different foils were attached at the locations shown in Fig. 4.4.

Both gold foils and crushed indium samples were used. Gold foils were placed at loca-

tions #1-6, which string down the UCN guide volume, and at location #7, which was inside

the methane transfer line. The foils at locations #1-3 had both bare gold foils and cadmium

covered gold to separate out the epicadmium part of the spectrum. Some gold foils were 51

� m thick, and others were 127 � m thick; different self shielding factors were used for the

different thicknesses. A picture of the gold foils at location 6 is included in Figure 4.5.

A sample of crushed indium wire was inserted in two locations: the exit of the UCN

guide cryostat and near the exit of the cryogenic transfer tube. These indium samples were
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Figure 4.4: An engineering schematic of the UCN Source. The numbers in parenthesis
correspond to: (1) - the heavy water moderator tank, (2) - solid methane container, (3) -
solid deuterium and inner neutron guide container, (4) - vacuum jacket for components
(2) and (3), (5) - deuterium and methane transfer lines, (6) - the external UCN guide and
the surrounding vacuum jacket, (7) - thermal column door, and (8) - liquid helium transfer
line. The numbers #1-7 in gold boxes represent the locations of gold foils during the foil
activation test, and In1 and In2 refer to the two locations of indium samples. GAI was used
to upscale this Figure.

made by crushing a wire with a vise and hammer, and therefore were not uniform. A picture

of these foils is included in Figure 4.6. The thickness varied throughout both samples, but

was measured to have an average of 330� 100 � m. The uncertainty in this measurement

was included in the uncertainty of the self shielding correction factor.

During the �ux test, the reactor power was ramped in increments of 5 kW up to 25 kW

over a total time of 70 minutes; the average power over the full test was 13.8 kW. During

calculations, it was assumed that there was a linear ratio between reactor power and neutron

�ux. This was used to scale the �ux for each recorded time step by the percent of the current

maximum reactor power ( 1 MW), and all thermal �ux values reported in the results re�ect

the estimated �ux at the full power.
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