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Matthew S. Bryan

INELASTIC NEUTRON SCATTERING OF

NANOCONFINED SUPERFLUID HELIUM

The dynamics of liquid 4He confined in a mesoporous powder FSM-16 are reported in this 

dissertation, including the roton linewidth, excitation spectrum, and Compton profile. 

With an ordered triangular lattice structure, FSM-16 is a high surface area porous glass 

with hexagonal pores a few nanometers in diameter. Neutron backscattering results 

examined the roton linewidth as a function of temperature. Observed linewidths in 

confinement are consistent with the theoretical and experimental results of the bulk liquid. 

The temperature-filling phase diagram was explored at intermediate fillings and low 

temperatures. The maxon and roton excitations are used as indicators of density for a 

thin-film that transitions into a three dimensional confined fluid. The resulting excitation 

spectrum at low fillings does not correspond to the bulk liquid at any pressure. The deep 

inelastic neutron scattering results found an enhanced single particle kinetic energy, with 

full pore and thin film liquid deviating from the bulk momentum distribution in shape.
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CHAPTER 1

INTRODUCTION

1.1 OVERVIEW OF THIS WORK

Bulk liquid helium-4 has two states: a normal fluid, and a superfluid. The transition to 

superfluid occurs at 2.17 K, and below this temperature the superfluid will display a number 

of phenomenologically interesting properties, including zero viscosity, perfect heat 

conductance, and the ability to leak through channels that the normal fluid cannot. These 

phenomonoloical properties are the result of a macroscopic number of particles occupying 

the zero momentum state, known as Bose-Einstein Condensation (BEC). A number of other 

systems support BEC, including superconductors, dilute atomic gasses, and more. Of these, 

liquid helium represents the strongly interacting limit, as atoms in the liquid have a hard-

core like interaction. Liquid helium is a well studied system and has been used to study 

many aspects of condensed matter physics, discussed below.

Liquid helium has been an interesting model system to probe the effects of reduced 

dimensionality [1–3], quenched disorder [4, 5], absorption and confinement of a liquid [6, 7]. 

4He is a simple atomic system with well-known interactions [8], and bulk liquid helium has 

been extensively measured [9] and simulated [10]. Thus it forms a model system to study the 

effects of mesoporous confinement. Several properties of liquid helium are modified in con-
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finement, including the phase transition temperature TS , the critical exponents [4], physical

structure [11, 12], excitation spectrum [13], and momentum distribution [14]. Confinement

can also result in new liquid properties not displayed in the bulk, such as a realization of

negative pressure [15], confinement driven phase separation [16], and reentrant superflu-

idity [17]. In general, both the macroscopic and microscopic properties of the liquid are

altered by confinement, at both partial and full pore fillings.

Most work on confinement is put into context by the extensive amount of information

available on bulk liquid helium. The single particle properties, such as the momentum

distribution and mean kinetic energy, have been measured and are in good agreement with

ab initio calculations. The collective excitations have been extensively studied with neutron

scattering [9]. Theoretically they were first explored by Feynman [18,19] and these studies

were followed by extensive theoretical work [10,20–22]. The Bedell, Pines, and Zawadowski

(BPZ) theory of roton-roton scattering [23] has established a theoretical picture of roton

interaction which has been confirmed through a number of experiments [24–28], particularly

how the energy gap ∆ and linewidth Γ scale with temperature. Work investigating the roton

and maxon regions of the excitation spectrum have shown how those parameters evolve

with pressure and density [29–31], from near-spinodial decompisition pressures [32, 33] to

the solidification pressure and even higher in confinement [34–37]. This body of knowledge

for the bulk liquid will contextualize the results presented here of the confined liquid.

A global picture of the microscopic collective excitations in confinement has emerged as

a number of systems have been studied with inelastic neutron scattering [38]. Generally,

two excitation branches are observed in confinement, which have been identified as a dense

liquid layer at the pore boundary with a bulk-like liquid in the interior. At full pore filling,

the core liquid exhibits energies identical to the bulk liquid. Liquid at the boundary support

excitations with energies below the bulk-like roton with a dispersion limited in Q, known as
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layer modes. These layer modes are responsible for some of the modified thermodynamic

behavior, and were found to contribute to the heat capacity as two-dimensional excitations.

Some systems also support ripplons, excitations at the liquid surface on a liquid-vapor

boundary, but this is not always the case. At intermediate fillings, both the bulk-like and

layer modes deviate from the full pore case, resembling the excitation spectrum of a low

density bulk liquid. The roton linewidth, which is inversely proportional to the excitation

lifetime, appears larger in confined helium, reflecting a decreased lifetime. A small number

of studies have also examined the momentum distribution, and the condensate fraction in

confinement is in agreement with the bulk value.

The confining material under investigation here, Folded Sheet Material-16 (FSM-16),

contains hexagonal pores composed of silica [39] on a triangular lattice. Thermodynamic

measurements of adsorbed helium at low temperatures and partial pore fillings have been

carried out by Wada et. al [3,40–42]. These measurements include gas adsorption isotherms,

torsional oscillator and heat capacity measurements. Helium gas adsorption results in con-

tinuous film growth in this system, as opposed to capillary condensation often found in sim-

ilar systems. 4He adsorption isotherms determined monolayer coverage, at n = n1 = 21.9

mmol/g. Film thickness and two-dimensional compressibility calculations identify the com-

pletion of the first liquid layer, at n = nf = 36.3 mmol/g. Torsional oscillator measurements

as a function of filling demonstrate that there is no superfluidity at low fillings, below the

monolayer. However, superfluidity is observed slightly above monolayer (n ≈ 1.4n1) fill-

ing and has been the subject of several studies. A finite-sized Kousterlitz-Thouless (KT)

transition was observed. Corresponding heat capacity measurements demonstrated a T 2

dependence at low temperatures, which is expected from a two-dimensional system [43,44].

An initial temperature-filling phase diagram was established that identified two transition

lines, TC and TS . TC and TS are critical temperatures determined by heat capacity and
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torsional oscillator measurements, respectively. In another silica mesopore with identical

pore size but a more well-connected three dimensional structure, TS = TC . However, in

the small non-connected pores of FSM-16, TC and TS are not always equal: at partial pore

fillings, TS is much lower than TC .

An inelastic neutron scattering study of the collective excitations was performed by Prisk

et. al to examine the microscopic behavior of helium confined in FSM-16, as a function

of temperature and filling [13]. No well defined collective excitations were present at low

fillings, near monolayer coverage. Measurements above TS , but below TC , also did not

observe any well defined collective excitations at various fillings. Below TS , a phonon-roton

spectrum characteristic of superfluidity, was observed in two regimes. The spectrum could

be separated at low fillings as dilute layer mode, and at high fillings as bulk-like mode. Both

regimes included a layer mode below the bulk roton energy. The bulk-like mode has the

same speed of sound, maxon energy, and roton energy as the bulk liquid. The dilute layer

mode behaves as a low density liquid, with a lower speed of sound, a lower maxon energy,

and a higher roton energy. A region between these two regimes, denoted as the crossover

region, and was not explored.

Roton energies and linewidths were also analyzed for the bulk-like scattering as a func-

tion of temperature. While the roton energy is in agreement with the bulk, the linewidth

was not. The linewidth is in disagreement with the bulk measurements, but displays a tem-

perature dependence in agreement with the bulk. One possible explanation for this offset,

given previously [45], was that the confinement gives a temperature independent component

dictated by the confinement’s length scale which adds in quadrature with the bulk.

In this dissertation, the results of three inelastic neutron scattering experiments of liquid

helium confined in FSM-16 will be reported. First, the roton energy and linewidth of the

core liquid was measured as a function of temperature on a high resolution backscattering
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spectrometer. Both the roton energy and linewidth are in agreement with the bulk values

and bulk temperature dependence, from 350 mK to 1.5 K at full pore filling. Due to the

rotons in the core being unable to excite layer modes, instead they scatter only elastically

and propagate along the pore axis and are equivalent to bulk liquid rotons. Second, the

crossover region was explored at low temperatures. The maxon energy increases monotoni-

cally with filling, as one would expect from a low density film transitioning into a bulk-like,

higher density confined fluid. The roton energy, however, displays a non-monotonic be-

havior and initially decreases in energy, then increases towards the bulk value from below.

The roton and maxon energy, at a single filling, do not correspond to a bulk-like dispersion

at any density. The fundamental assumption that the confined liquid has a corresponding

bulk liquid dispersion at modified density is not true in the small FSM-16 pores. Third,

deep inelastic neutron scattering was performed to measure the momentum distribution of

the thin-film and full-pore liquid, above and below the superfluid transition temperature.

The single particle kinetic energy of confined liquid is enhanced relative to the bulk, but

does not appear to depend on temperature and filling. The effects of dimensionality and

the precise value of the condensate remain undetermined.

This dissertation is organized in the following way. Chapter 2 is an overview of the

scientific context, including both bulk and confined liquid results. Chapter 3 contains

neutron scattering formalism to describe the inelastic neutron scattering experiments. The

neutron time of flight technique, scattering instruments used in this work, and sample

characterization are presented in chapter 4. The following three chapters are dedicated to

each measurement; chapter 5, the linewidth on backscattering; chapter 6, the excitation

spectrum in the crossover region; chapter 7, the momentum distribution results. Chapter 8

includes the conclusion and questions for future work.
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CHAPTER 2

LIQUID HELIUM: BULK AND

CONFINED PROPERTIES

2.1 OVERVIEW

4He condenses into a liquid at 4.21 K at atmospheric pressure, and will remain a liquid under 

vapor pressure down to arbitrarily low temperatures. A liquid-liquid phase transition occurs 

at 2.17 K, as the normal liquid transitions into a superfluid state. The original discovery of 

superfluidity, by Kapitza [46] and later by Allen and Misener [47], was based on the most 

striking property of the superfluid: a viscosity of zero. Persistent flow of superfluid in a 

torus has been demonstrated, analogous to persistent current in superconductors, with no 

observable change for over 12 hours [48]. The superfluid circulates with quantized angular 

momentum, with vortex cores a few Ångstroms in diameter. Quantized vortex cores have 

been directly observed in the liquid, in arbitrary three-dimensional configurations [49]. The 

superfluid was the first experimental realization of a Bose-Einstein Condensate, and is an 

example of a macroscopic quantum mechanical system. As a result of the macroscopic and 

microscopic properties of liquid 4He, it has remained a subject of scientific interest for nearly 

one hundred years.
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Shortly after the discovery of superfluidity, a phenomenological model, known as the

two-fluid model, was developed to describe the hydrodynamics of the liquid. Below the

λ-point, the liquid becomes a two component system of inseparable fluids: a normal fluid

component, and a superfluid component. The super fluid component has zero viscosity, zero

entropy, and is irrotational. The normal fluid component has a finite viscosity, the entropy of

the system, and supports the excitations of the system. While the phenomenological model

has been successful in predicting several macroscopic properties it has a limited ability to

capture the microscopic, quantum mechanical basis for superfluidity.

Microscopically, the behavior of the superfluid can be understood in terms of the single

particle and collective excitations. The single particle excitations are given by the one-body

density matrix. This exhibits a Gaussian behavior above TC while a δ-function representing

the condensate appears below TC . Another model of the superfluid postulates a macroscopic

wavefunction, of the form ψ =
√
n0e

iφ. As the liquid crosses the λ-point, a macroscopic

number of particles enter the zero momentum state, n0, and a Bose-Einstein Condensate

(BEC) forms. Strong interactions in the liquid deplete the condensate, and the fraction

of particles occupying n0 reaching approximately 10% at 0 K. Path integral Monte Carlo

simulation can calculate the momentum distribution, n(p), directly. Deep inelastic neutron

scattering can measure the Fourier transform of the momentum distribution, the one-body

density matrix. The average single particle kinetic energy can also be measured with deep

inelastic neutron scattering, with even the normal fluid exhibiting the momentum distribu-

tion of a quantum liquid. However, little is known about the kinetic energy and condensate

in confinement, with only a few experiments performed.

The collective excitations are characterized by the phonon-roton spectrum. The heat

capacity and superfluid fraction are determined by the phonon-roton spectrum. Sharp exci-

tations of the liquid support a linear region (phonon), a local maximum (maxon), and then
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a local minimum (roton) as momentum increases, which is the microscopic underpinning of

some macroscopic properties of the liquid, and is directly measured with inelastic neutron

scattering. The excitation spectrum is discussed in detail below, especially as it relates to

the liquid density.

Inelastic neutron scattering was the first technique to directly measure the phonon-roton

spectrum. The excitation spectrum has been measured on a variety of spectrometers and

experimental conditions, notably as a function of temperature and pressure [50, 51]. As a

result, the bulk liquid’s excitation energies and linewidths have been precisely and accu-

rately determined. Theoretical understanding of the bulk liquid has also been the subject of

intense study. Quantitatively accurate simulations have been developed which often calcu-

late observable quantities directly [52], as in the case of the momentum distribution. Under

conditions that are experimentally difficult to create, like the liquid under negative pres-

sure, theoretical predictions have extended the understanding of the excitation spectrum’s

behavior [32,33].

Understanding of the bulk excitation spectrum primarily impact this work in the fol-

lowing two ways. First, a detailed theory of roton-roton interactions by Bedell, Pines, and

Zawadowski [23], known as the BPZ theory, has been experimentally verified across a large

range of temperatures by examining the roton energy and linewidth [26–28, 53–55]. A di-

rect test of the BPZ theory in confinement, and possible modifications to roton behavior

due to confinement, is possible. Second, the excitation spectrum and it’s relation to liquid

structure and density is well known in the bulk liquid, above and below bulk density under

SVP. By measuring the excitation spectrum of the confined fluid, any modification of the

liquid density by the confining media can be understood.

Mesoscopic confinement, ranging from a few nanometers to tens of nanometers, modify

nearly all properties of liquid helium. Macroscopic measurements of the confined liquid,
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heat capacity and torsional oscillator measurements most notably, show suppressed critical

temperatures and, in some cases, altered critical exponents of the superfluid transition [4].

The microscopic excitation spectrum includes a bulk-like branch, but also a two-dimensional

layer mode. Thin films on graphite supports even more surface excitations at the liquid-

vapor interface, ripplons [11], along with novel reentrant superfluidity [17]. The existence

of these new excitations modify the thermodynamic properties.

Early work of adsorbed or confined liquid helium spanned a number of different systems.

Well-ordered but low surface area materials, like graphite, were the subject of structural

and dynamic neutron scattering studies. More disordered and morphologically complex

materials, like aerogel, Vycor, and Gelsil have also recieved attention. However, recent work

has focused on more well-ordered systems with a high surface area and regular structure.

In particular, the subject of study in this work is 2.8 nm diameter Folded Sheet Material-

16 (FSM-16), a silica based porous material of cylindrical pores arranged on a hexagonal,

two-dimensional lattice.

FSM-16 has been the subject of recent thermodynamic and neutron scattering studies.

Wada et al. have performed torsional oscillator and heat capacity measurements as a

function of temperature, filling, and pore size [43, 56–61]. They find superfluidity onset

above the monolayer loading, consistent with other studies that find the first adsorbed layer

is an inert solid. The onset of superfluidity is also consistent with a finite-sized Kosterlitz-

Thouless phase transition. The heat capacity at low temperatures is proportional to T 2,

like a two-dimensional phonon gas [43,44]. An initial temperature-filling phase diagram was

explored. However, the critical temperature from heat capacity measurements, TC , and the

critical temperature from torsional oscillator measurements, TS , were not identical across

all fillings. In the bulk liquid these two critical temperatures are in agreement, and while

the disagreement is an effect of confinement, it is not clear what the exact mechanism is.
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Figure 2.1: The temperature-filling phase diagram of liquid helium confined in FSM-16. The

vertical, blue dashed line indicates monolayer filling, n1. The vertical, purple line indicates

approximate first liquid layer completion, nf . Torsional oscillator critical temperatures are

shown as blue diamonds, and heat capacity critical temperatures are shown as red squares.

The white squares, nB, indicate where He4 and He3 heat capacities diverge as a function of

adsorbed helium. Green squares indicate TL, where adatoms are localized. From [61]

These results are summarized in a phase diagram, shown in Fig. 2.1.

To understand the microscopic basis of these macroscopic FSM-16 measurements, an

inelastic neutron scattering study also explored the temperature-filling phase diagram [13].

Phonon-roton scattering was found below TS but not above TS and below TC . Two regimes

of the phase diagram were identified, a thin-film regime and a bulk-like regime. In the

thin-film regime, scattering was consistent with a low density film. A suppressed maxon

energy, enhanced roton energy, lower QR and reduced speed of sound were observed. In the
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bulk-like regime, observed scattering was consistent with bulk values of the maxon energy, 

roton energy, QR and speed of sound. Roton linewidths as a function of temperature, in 

the bulk-like regime, did not appear consistent with bulk liquid values.

The work presented in this dissertation is an attempt to directly answer some of the open 

questions that remain, as a result of these previous mentioned thermodynamic and inelastic 

neutron scattering experiments in FSM-16. Do the roton excitation lifetimes differ from the 

bulk, and can the difference be attributed to a length scale set by the confining pores? Is 

the transition from the thin-film regime into the bulk-like regime a sharp transition as the 

result of layer completion, or is it a gradual transition found in similar porous media? If the 

thin-film is two dimensional, what is the momentum distribution and kinetic energy, above 

and below TS? In the following sections, a more detailed review of the scientific context of 

each of these questions is given.

2.2 EXCITATION ENERGIES AND LIFETIMES

Inelastic neutron scattering experiments measure the dynamic structure factor, S(Q, E). The 

dynamic structure factor of liquid helium reflects the collective excitations and is shown in 

Fig. 2.2. This is the well-known phonon-roton spectrum of liquid helium, which contains 

three regions. In the phonon region, at Q below 0.8, the excitation energy depends linearly

on Q, as E(Q) = h̄cQ, for speed of sound c. The maxon region, 0.8 ≤ Q ≤ 1.4 Å
−1

, is

fit to an inverted parabola, E(Q) = Em − h̄2(Q − Qmax)/2µmax, with the maxon energy

Em and the maxon peak Q, Qmax, and a term to describe the curvature similiar to an

effective mass, µmax. In the roton region, 1.6 ≤ Q ≤ 2.4 Å
−1

, the dispersion is fit as

E(Q) = ∆ + h̄(Q − QR)2/2µ, with energy gap ∆, roton minimum wavevector QR, and

effective mass µ [62], as first described by Landau.

Fig. 2.3 shows the roton region as a function of temperature, at Q = QR. As tem-
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Figure 2.2: The dynamic structure factor S(Q,E) of superfluid helium at from Woods and

Cowley [50]. At low wavevectors Q ≤ 0.6 Å
−1

, the phonon portion of the spectrum with a

solid line, with the slope being the speed of sound. At higher energy the spectrum reaches

a maximum, known as the maxon, in the region 0.8 ≤ Q ≤ 1.4 Å
−1

. A local minimum,

known as the roton minimum, occurs at QR = 1.92 Å
−1

.

perature decreases, the peak becomes more narrow and increases in energy, with the peak

being a δ-function at 0 K. A theory of roton-roton interactions, the BPZ theory, predicts

both the changing width and energy of the roton minimum and is discussed later on in de-

tail. Roton-roton interactions form the basis for many properties of the superfluid. Landau

and Khalatnikov first showed roton-roton scattering contributes a temperature-independent

term to the viscosity of the liquid above 1.4 K [63]. At large wavevectors (Q > 3Å
−1

) the ex-

citation spectrum saturates at 2∆, and Pitaevskii showed that the end point of this branch

of the spectrum would be the result if roton-roton coupling was repulsive [64]. Direct mea-
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Figure 2.3: Scattering as a function of energy, at the roton minimum, from Andersen

[27, 28]. Several different temperatures, plotted as the dynamic structure factor S(Q, E)

vs. energy transfer E, show both the peak center (∆) and the linewidth (Γ) changing as a

function of temperature.

surements of two roton excitations and subsequent theoretical work suggested an attractive

roton-roton interaction [23, 65, 66]. A detailed pseudopotential of roton-roton interactions

was then developed by Bedell, Pines, and Zawadowski (BPZ) which predicts a number of

measurable quantities, including roton linewidth and energy.

In the general context of neutron scattering, an excitation energy linewidth is interpreted

as being inversely related to the excitation lifetime. From the energy-time uncertainty
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relationship ∆E∆t ≥ h̄/2, the excitation lifetime of a state ∆t can be deduced from some

energy state with uncertainty, or linewidth, ∆E. In the case of rotons, thermally excited

rotons with energy ∆ and linewidth Γ have the following temperature dependence according

to BPZ theory:

∆(T ) = ∆0 − P∆(1 +R
√
T )
√
Te∆(T )/kBT (2.1)

Γ(T ) = PΓ(1 +R
√
T )
√
Te∆(T )/kBT (2.2)

with ∆0 the roton energy at zero temperature, PΓ and P∆ free parameters, and constant R

for cubic corrections of the roton minimum.

A simple physical picture connects roton linewidths, excitation lifetimes, and temper-

ature. At low temperatures, there are relatively few thermally excited rotons. Therefore,

the mean free path is long, and collisions with other rotons is unlikely, and the resulting

linewidth is small. At higher temperatures, a large number of thermally excited rotons

exist, and the mean free path is short, leading to a short excitation lifetime and a wide

linewidth. Measured values of Γ and ∆ are shown in Fig. 2.4 with the predictions of the

BPZ theory. As can be seen, the agreement is excellent.

Measurements of the linewidth and energy gap have been performed with a range of

neutron scattering instruments. This includes chopper spectrometers [30], backscattering

spectrometers [26, 54], and neutron spin echo [53]. The highest resolution measurements,

using neutron spin echo, have shown the BPZ theory to be accurate in the bulk liquid, from

the λ-point to 0.5 K. More recently, at very low temperatures a small deviation from BPZ

was observed, from roton-phonon interactions [55]. However, these small changes in ∆(T )

of 1.7 µeV are too small to be noticeable in work presented here.

The roton mean free path can approach macroscopic lengths, on the order of meters for

experimentally accessible low temperatures(tens of mK). However, at high temperatures
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Figure 2.4: The linewidth Γ and roton energy ∆ as measured by Andersen, with BPZ theory

as a solid line [27, 28]. Here, WS and SS refer to two different methods of fitting the

scattering data which produced slightly different results at high temperature. The Mezei

points, from [53], refer to neutron spin echo measurements, and are shown as black points.

(near 2 K), the mean free path can be on the order of confinement length scales, a few

nanometers. Previous experiments in large, disordered porous materials Vycor and aerogel

have found both ∆ and Γ differ from bulk values [45,67]. An initial model was put forth to

explain the discrepancy based on the roton mean free path. At high temperatures, the roton-

roton scattering dominates, and the confined liquid displays a temperature dependence

similar to the bulk. However, at low temperatures where the mean free path is very long

due to roton-roton interactions, the confinement length scale dominates in a temperature

independent manner. These two effects would then add in quadrature [67]. However, a
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number of problems remain. A later study found ∆ and Γ in agreement with the bulk

values and temperature dependence [68]. Samples used in these studies contain a range of

pore sizes, with a complex morphology, and no clear relationship between a sample pore

size and crossover temperature was discovered. That is, the relationship between the pore

size and roton mean free path was still unclear.

A new generation of porous materials was developed, with a narrow pore size distri-

bution and more ordered structure. In particular, MCM-41 and FSM-16 are both silica-

based, cylindrical pores on a triangular, two-dimensional lattice. Typical pore sizes of a

few nanometers have a pore size distribution only a few Ångstroms wide. The roton energy

and linewidth has been measured in both materials, as a function of temperature [13, 69].

The roton energy is in agreement with the bulk values, and scales with temperature as

the bulk does. The linewidth temperature dependence is also in agreement with the bulk

liquid, indicating that roton-roton scattering is still the dominant mechanism for the exci-

tation lifetime. However, across all temperatures measured, there is a constant shift above

bulk linewidths. Similar results were found in another small pore, Geltech [70]. At large

momentum transfers, it was found that, in MCM-41, the excitation spectrum saturates

at 2∆bulk [71], and that the phonon-roton modes do not decay into two layer modes. It

is interesting to note that, even though the layer mode and bulk like mode propogate in

adjacent layers of the liquid, they appear to be isolated from each other.

These previous experiments were performed on chopper spectrometers, with an instru-

ment resolution of tens of µeV. Below 1 K, the intrinsic linewidth of the roton in the bulk

liquid is on the order of a few µeV. As a result, it is difficult to measure small intrinsic

linewidths at low temperatures. At higher temperatures, the total intensity of the peak is

unchanged, but the width increases dramatically, generally leading to a low intensity signal

across a large number of bins, and large error bars as a result. Instrument choice therefore
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may limit what roton linewidth, and associated length scale, can be effectively measured.

Several open questions remain. How can the roton energy, but not the linewidth, be 

in agreement with bulk values? Is the offset from the bulk related to pore size? More 

generally, what is the relationship between excitation lifetime and the confining material?

In FSM-16, is the shift above bulk values the same across all temperatures? In chapter 5 

the results of a higher resolution, neutron backscattering study of the linewidth in FSM-16 

as a function of temperature are presented and these open questions are discussed.

2.3 EXCITATIONS AND DENSITY

Two fundamental properties of bulk liquid helium are closely tied together: the structure and 

the excitation spectrum. Feynman first developed a variational theory which connects the 

liquid structure factor, S(Q), to the excitation spectrum [18,19]. By assuming a simple form 

of the wavefunction, and minimizing that wavefunction with respect to energy, he found that 

E(k) = h̄2k2/2mS(Q). The first peak in S(Q), which is determined by the average nearest-

neighbor distance between two atoms, corresponds directly to the roton minimum observed 

in the excitation specturm. It was immediately noted that a more sophisticated wavefunction 

would bring more quantitative agreement. More advanced wavefunctions were developed, 

and more advanced results followed using variational techniques [72,73]. Density Functional 

Theory (DFT) and Path Integral Monte Carlo (PIMC) work extended results into the 

negative pressure regime [32, 33].

In general, the results of these studies are consistent with experimental findings which 

have studied the liquid up to 25 bar [24,29,30]. As the pressure increases, the roton energy 

gap decreases and the maxon energy increases. The speed of sound, c, also increases with 

pressure. The location of the roton minimum, QR scales with density in a simple form: 

QR = 3.64ρ1/3 [30]. As Q and r are Fourier conjugates in scattering theory, this formula
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has a simple interpretation: if the number of nearest neighbors remains constant, as density

decreases the average interatomic spacing increases. The minimum occurs at approximately

2π/a ≈ QR, leading to a lower value of QR. A plot of the phonon-roton dispersion at SVP

and high pressure can be found in Fig. 2.5, and the evolution of the Landau dispersion

parameters with pressure can be found in Fig. 2.6.

The trend continues for negative pressure helium. Negative pressure liquids are in

a state metastable against cavitation, which exists between 0 pressure and the spinodial

decomposition pressure of approximately -9 bar in helium. This is of particular relevance

here, as confinement can reduce the density of the liquid below bulk liquid density, effectively

creating a negative pressure liquid inside the pores [15]. DFT results for several negative

pressures are shown below in Fig. 2.7. PIMC results show that this trend continues to near

the spinodial decomposition point, when helium transitions into a two-phase fluid. As a

result, the bulk liquid is well characterized across a large range of density, including both

above and below SVP density.

The spectrum makes helium a model system to measure the effects of confinement

on liquid density. The dependence of the excitation spectrum on density is well known,

and stretches across a large range of densities. Helium is a simple atomic liquid with

well-known interactions. Simulation techniques have also been applied to confinement [6,

74], with an external potential shapes the wavefunction’s energy landscape and therefore

the excitation spectrum. The sharp excitation spectrum is a strong scatterer, resulting

in precise measurements of the excitation spectrum which is not generally available in

other liquids, with much wider and weaker scattering from excitations. As a result, the

excitation spectrum can be used as a spectroscopic probe of the local, confined density:

by measuring the excitation spectrum energies, one can find a corresponding bulk liquid

excitation spectrum and density, and infer the density of the confined liquid. This method
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Figure 2.5: The phonon-roton spectrum for the bulk liquid under SVP and at high pressure,

from [50]. As pressure increases, the roton energy decreases, the QR increases, the maxon

energy increases, and the speed of sound increases.

of probing confined liquid density has been previously used in many porous materials, but

relies on the untested assumption that the confined liquid behaves identically to the bulk

liquid, but at a lower or higher density when in confinement.

In many measurements of confined helium, the bulk-like mode is remarkably similar to

the bulk liquid at full pore. This is true for larger pore samples like Vycor [67, 75] and
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Figure 2.6: Measured Landau dispersion parameters of the roton minimum as a function of

pressure, from [29]. The roton energy and effective mass decrease with pressure, and the

roton minimum increases.

aerogel [68, 76], but also true of smaller pore samples like MCM-41 [15] and FSM-16 [13],

and even true in flat substrates like graphite [77]. A layer mode, which does not change

dispersion as a function of filling, is also widely observed. While this layer mode initially

is a weak scattering mode, it rapidly increases with additional adsorbed helium until a

saturated value at intermediate fillings [78], consistent with the idea that the layer mode

resides in the liquid immediately adjacent to the substrate.

In aerogel [34], gelsil [35], MCM-41 [79] and others, the excitation spectrum has been

measured up to pressures as high as 40 bar and agree with the bulk liquid. However, higher
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Figure 2.7: The phonon-roton excitation spectrum at several negative pressures [33]. A

continual trend from high pressure extends into the negative press regime, with decreasing

pressure: the maxon energy decreases, the roton energy increases, and the speed of sound and

roton QR decrease. Each line is indicated by a pressure, in bar, corresponding to densities

of 0.11, 0.12, 0.13, 0.14, and 0.15 g/cc.

pressures in confinement are possible as solidification takes place at higher pressures in

confinement. At very high pressure, the maxon energy becomes higher than 2∆ and are no

longer observable, as incoming neutrons excite two rotons instead of a maxon.

At partial pore filling, the low density case can be probed. In MCM-41 [15, 80], the

phonon and maxon region of the spectrum was measured at several low fillings. Initially at

low fillings, the maxon and phonon energies were consistently lower than the bulk values.

As filling increases, the measured spectrum gradually moves towards the bulk liquid, with

both the maxon energy and speed of sound increasing monotonically with filling. Albergamo

et al. proposed that the low pore filling liquid corresponds to the bulk liquid at negative
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pressure, and that pressure increases as filling increasing, eventually reaching bulk liquid

at SVP at full pore filling. The roton region was not observed in this study, and it is not

known if the ∆ and QR also reflect negative pressure values.

In FSM-16, the entire phonon-roton spectrum was measured at several partial and full

pore fillings [13]. At low fillings, 33.4 and 37.7 mmol/g, the spectrum did not depend on

filling. A depressed maxon energy, elevated roton energy, reduced QR, and reduced speed

of sound were consistent with a low density liquid, corresponding to negative pressure bulk

liquid. At higher fillings, 43.0 mmol/g and 46.4 mmol/g, the spectrum was in agreement

with the bulk liquid under SVP. These results are summarized in Fig. 2.8. The region

between the low filling and high filling regions was not explored, known as the crossover

region. An approximate density of the liquid, based on the maxon energy, roton energy, and

speed of sound was given by Prisk et al. as 0.12-0.14 g/cc in the thin-film region, compared

to the bulk value under SVP of 0.145 g/cc. The low filling liquid density is reported as

a range, since each independent parameter indicates a slightly different density and not a

single value.

Two competing pictures are available for the crossover region in FSM-16. Perhaps the

confined liquid monotonically increases in density as a function of filling, consistent with the

observations in MCM-41. Perhaps the lack of intermediate stages indicate a sharp transition

in the crossover region, as a result of layer completion. Adsorption isotherms indicate that

the first liquid layer is completed at nf = 36.3mmol/g [59] using the Frenkel-Halsey-Hill

(FHH) model. This simplistic model of adsorption has been shown to be incorrect in some

systems [81], but it does indicate that layer completion occurs near, or in, the crossover

region.

A number of questions regarding the density of the confined liquid remain. What density

is the liquid in the crossover region, and why do the independent indicators of density
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Figure 2.8: Left panel: excitation spectrum of the confined liquid across four different fillings,

with the thin-film behavior on top and the bulk-like behavior below. The bulk spectrum is

given by a dashed line. Right panel: temperature-filling phase diagram in FSM-16 [13].

Red stars indicate points with a thin-film spectrum, and dark red diamonds indicate points

with a bulk-like spectrum. The crossover region is shown as a shaded gray. Torsional

oscillator results are given by the blue points [57]. Two fillings, nf and nSV P , are marked

with a vertical dashed line, corresponding to approximate first layer completion and full pore

filling.

(maxon energy, roton energy, etc.) not indicate a single density? What is the excitation

spectrum in the crossovere region? Does it evolve as a series of intermediate densities

which increases monotonically with filling, as in MCM-41? Or does a sharp jump from the

thin-film behavior to the bulk-like behavior occur? In chapter 6, the results of an inelastic

neutron scattering study across the crossover region are presented, in order to examine the

relationship between liquid density and the excitation spectrum in confinement.
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2.4 MOMENTUM DISTRIBUTION AND KINETIC ENERGY

An ideal gas of non-interacting bosons, when cooled to near absolute zero, will begin to

occupy the ground state and form a Bose-Einstein Condensate (BEC). The transition tem-

perature of an ideal gas, with the same density as the liquid, is 3.1 K, remarkably close to

the λ-point of 2.17 K. Increased interatomic interactions between atoms in the liquid leads

to a depleted number of atoms in the condensate compared to the ideal gas, but the frac-

tion of atoms in the ground state, the condensate fraction, is still macroscopic in number.

Calculations and measurements of the number of atoms in momentum state k, n(k), will

be discussed in this section, as well as previous work to measure two primary features of

n(k): the condensate fraction, n0, and the average single particle kinetic energy, 〈EK〉.

A number of ab initio simulations have been applied to calculate various properties of

bulk liquid helium. These include Path Integral Monte Carlo [52,82], Diffusion Monte Carlo

[83], variational wavefunction techniques [84], and Green’s Function Monte Carlo [85]. Many

of these simulations, notably PIMC, are in quantitative agreement with observed properties

of the liquid, including the specific heat, the pair correlation function, and recently the

excitation spectrum [86]. While early results suffered from a limited system size, the bulk

liquid is generally well understood with simulation, and the measurable quantities discussed

below are often simulated directly.

A neutron scattering experiment to measure n(k) was originally put forth by Hohenberg

and Platzman [87]. At low momentum and energy transfers, inelastic neutron scattering

probes the collective excitations of the system. At high momentum and energy transfers, the

characteristic length and time scales are quite small, and probe the single particle properties

of the liquid. A neutron scattering with recoil energy h̄2Q2/2m is Doppler shifted by the

motion of a helium atom, and the momentum distribution can be measured. This high
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energy and momentum transfer experiment is often referred to as a deep inelastic neutron

scattering experiment.

A more detailed formalism will be developed in Ch. 3, but a brief introduction for

deep inelastic scattering is given here. In an inelastic neutron scattering experiment, the

double-differential scattering cross section is measured:

d2ω

dσdE
= b2coh

kf
ki
S(Q,E) (2.3)

for bcoh, the coherent scattering length, kf (ki) final (incidenct) wavevector, and dynamic

structure factor S(Q,E). The Fourier transform of the dynamic structure factor is the time-

dependent density-density correlation function. In the impulse approximation, the Q→∞

limit,

SIA(Q,E) =

∫
n(k)δ(E − h̄2Q2

2m
− k · q

m
) (2.4)

Deep inelastic neutron scattering data is usually analyzed in terms of the Compton profile,

J(Y ), which is related to SIA in the following way:

Y =
m

h̄2Q
(E − h̄2Q2

2m
) (2.5)

JIA(Y ) =
h̄2Q

m
S(Q,E) (2.6)

JIA(Y ) = n0δ(Y ) + 2π

∫ ∞
|Y |

kn∗(k)dk (2.7)

Where JIA(Y ) indicates the Compton profile in the impulse approximation, with the West

scaling variable Y, condensate fraction n0, helium wavevector k, and momentum distribution

of the non-condensed atoms n∗(k). The Compton profile is centered at Y = 0, has an area

of 1, and a second moment proportional to 〈EK〉. The condensate fraction will be observed

at Y = 0, with an area directly proportional to n0. Non-condensed atoms will contribute

25



Figure 2.9: Left panel: S(Q, E) as measured by a deep inelastic neutron scattering experi-

ment. The recoil line of helium, centered on the line E = h̄2Q2/2m, is visible. Right panel:

J(Y) vs. Y of the left panel data, taken from Q = [25, 26] Å
−

1.

to the scattering away from Y = 0, with a larger increase in J(Y) near heavily populated

momenta. In practice, constant-Q cuts of the data are transformed such that the center of

the recoil scattering, h̄2Q2/2m is centered at Y = 0. A plot of the S(Q, E) data and the

resulting Compton profile are shown in Fig. 2.9.

Several deep inelastic neutron scattering experiments have been performed immediately

after the original Hohenberg and Platzman proposal. Early experiments typically used

triple-axis spectrometers [88,89] and reached momentum transfers of 10 to 15 Å
−1

. Another

component of the scattering, Final State Effects (FSE), could not be properly accounted for

at these Q values. FSE are the result of the helium atom interacting with the surrounding

liquid upon a scattering event, in a manner that is different from a free particle, which

contributes an additional broadening to the impulse approximation scattering. Deviations

from the impulse approximation, at finite Q, are dealt with by FSE. At low Q they are

pronounced and decrease slowly with increasing Q.
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Figure 2.10: The instrumental resolution function, shown as a dash-dot line, and the final

state effect function, shown as a solid line, from [90]. These two functions will contribute to

the measured J(Y) by convolution. The two functions are about equal in full-width half-max,

which is the most substantial contribution of these functions to the measured J(Y).

The broadening due to FSE, which is typically about as wide as instrumental resolution,

is shown in Fig. 2.10. These effects can not be easily deconvoluted from experimental data.

Instrument resolution and FSE contribute an extra broadening to the data that is convoluted

with model functions of JIA(Y ). FSE do not contribute to the second moment, which is

used to calculate 〈EK〉. However, instrumental resolution will. Both of these functions are

required to fit the data: using one function, but not the other, has produced fits that are

not in agreement with observed J(Y) [90].

A new final state effect theory was developed, along with new neutron scattering in-

strumentation capable of reaching higher energy and momentum transfers. The hardcore

perturbation theory of Silver [91], which adds the spatial correlations of the liquid and the

hardcore helium-helium scattering potential, was employed to model FSE. Two separate

27



approaches were taken with the data analysis. First, the simulated momentum distribu-

tion, taken with instrument resolution and FSE, was used to make a zero-parameter fit with

the scattering data [90]. Second, a model n(k) with variable condensate was employed, but

with several constraints to reduce the number of fit parameters [92]. Excellent agreement

between the data and simulation was found, for the condensate fraction, kinetic energy,

and total scattering. Subsequent work extended into the normal liquid, and to higher

pressures [93,94].

In three dimensions, a macroscopic wavefunction which encompasses the entire liquid

is present and directly related to the condensate. Porous media imposes disorder onto this

macroscopic wavefunction, and the condensate fraction and momentum distribution may

change as a result. In aerogel, a high porosity silica, the scattering was very similar to

the bulk liquid, with an additional broad, low intensity component attributed to atoms

localized on the aerogel surface [95]. Helium confined in Vycor also showed agreement with

bulk values [96]. In a study of a large pore and small pore system, the average single

particle kinetic energy did depend highly on pore size and deviated significantly from the

bulk energy, with much higher kinetic energy in the small pore system [14]. While there

exists only a small amount of work on the momentum distribution in confinement, large

pore systems generally resemble the bulk liquid, and small pore systems deviate in both

kinetic energy and condensate fraction.

In two dimensions, superfluidity and BEC are fundamentally altered. Two-dimensional

systems do not support the long ranger order of the three dimensional liquid, but instead

a power law decay over short distances [97, 98]. The momentum distribution for two-

dimensional helium has been simulated [82], and there have been attempts to measure the

unique features with MCM-41 using neutron scattering [99]. Measurement of the unique

features, specifically the large-Y tail, requires long measurement times, and a definitive
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result was not obtained. FSM-16 partially filled with liquid helium has two-dimensional

thermodynamic behavior, with the heat capacity increasing as T 2 at low temperatures and

the thin film supporting a finite sized Kousterlitz-Thouless transition in torsional oscillator

measurements. As previous measurements on MCM-41 did not have thermodynamic evi-

dence of two-dimensional behavior, and the data was not definitive, FSM-16 is a feasible

system to measure the two-dimensional momentum distribution.

A measurement of both the thin-film and full-pore liquid could address several unan-

swered questions. Does the average single particle kinetic energy deviate significantly from

the bulk liquid? Is an observable and significant difference shown in the thin-film, compared

to the full-pore data? What is the value of the condensate in a small pore system? These

questions will be addressed in chapter 7.
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CHAPTER 3

SCATTERING FORMALISM

3.1 OVERVIEW

Neutron scattering is a general technique for measuring both atomic structure and dynamics. 

Originally developed to study condensed matter systems, it is now routinely applied to study 

a variety of materials, including chemical, biological, and geological systems, among others. 

Typical neutron beams have wavelengths on the order of a few Å and energies of a few 

meV, which are convenient for studying atomic structure and excitations. In a neutron 

scattering experiment, an incident neutron with wavevector ki scatters off the sample, and 

can exchange momentum and energy with the sample. A final wavevector kf and time of 

flight t is recorded from the scattered neutron. The momentum transfer, h̄Q and energy 

transfer, E, are calculated and the dynamic structure factor S(Q, E) is measured.

The work presented in this thesis with inelastic neutron scattering has two regimes. 

First, the low energy and momentum transfers regime, reflecting the collective excitations of 

the system. The primary goal in this regime is to measure S(Q, E) as the Fourier transform 

of the van Hove correlation function, G(r, t) and to map the dispersion of the system, 

similar to measuring the phonon spectrum in a single crystal. The phonon-roton spectrum, 

including the roton energy and linewidth, will be measured in this regime. Second, the
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high energy and momentum transfer regime, to study the Compton profile J(Y), which is

related to the momentum distribution n(k) by a Radon transform. Neutrons with high

−1
energy (100s of meV) and large momentum transfers (10s of Å ) probe single particle 

behavior, similar to the use of x-rays to probe electronic momentum distributions. The 

momentum distribution of the thin film and full pore adsorption, above and below the 

critical temperature, are measured using this technique. The following chapter will develop 

the formalism and basic framework required to describe these regimes and the experimental 

results.

A common sample was used throughout this work, 4He adsorbed on a porous silica pow-

der, FSM-16. The silicon and oxygen of FSM-16 contribute a small, broad background to 

measurements of the excitations. In the momentum distribution measurements, silicon and 

oxygen recoil scattering is far away from the helium scattering. The resulting monatomic 

4He scattering results in a few simplifications moving forward. 4He is a zero spin atom, 

with a modest coherent scattering length and no absorption or incoherent cross section. No 

magnetic scattering, or spin-incoherent scattering is present in this work, and correlations 

between species of atoms or internal modes of a molecule (e.g., H2 rotational lines) will not 

be present.

3.2 KINEMATICS

Neutron scattering is distinguished by two types of scattering events: elastic scattering, with 

a change in momentum but no change in energy, and inelastic scattering, with a change in 

momentum and energy. An inelastic neutron scattering instrument is designed to measure 

the change in neutron momentum, Q = h̄ki - h̄kf , as well as the change in neutron energy,

E = h̄ω = Ei −Ef , after a neutron is scattered by the sample. An inelastic scattering event 

is caused by either creating or annihilating an excitation. The generic scattering triangle is
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Figure 3.1: An incoming neutron, with well defined ki, strikes the sample and scatters with

final momentum kf . Two cases are considered: elastic scattering, with no change in neutron

energy, and inelastic scattering, with change in energy. From Pynn [100].

shown in Fig. 3.1.

In the case of an elastic scattering event, the magnitude of ki = kf . By the law of

cosines, the momentum transfer Q is

Q2 = k2
i + k2

f − 2kikfcos(2θ) (3.1)

In the special case of elastic scattering (ki = kf ) this reduces to
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Q =
4π

λ
sin(2θ) (3.2)

In a typical diffraction experiment (neutron diffraction, x-ray crystallography, etc.) the

momentum transfer Q is directly related to the scattering angle. That is, data in 2θ is

equivalent to the physical variable momentum transfer.

The inelastic case is defined by the incoming neutron exchanging energy with the sample,

with the magnitude ki 6= kf . In that case,

E = Ei − Ef =
h̄2

2mn
(k2
i − k2

f ) (3.3)

defines the energy transfer, E. In the specific case of a low temperature sample, the neutron

energy transfer will almost always be negative. Typical values of E on the order of 1 meV

and kBT on the order of 0.1 meV in these measurements. The probability that a neutron

will downscatter, or lose energy to the sample by creating an excitation (negative E), is

several orders of magnitude larger than the probability that it will upscatter, or annihilate

an excitation (positive E), due to detailed balance. Detailed balance is defined by

S(−Q,−E) = e(−E/kBT )S(Q,E) (3.4)

which, given the typical values of E and T used here, leads to downscattering being several 

orders of magnitude larger than upscattering.

3.3 THE DYNAMIC STRUCTURE FACTOR

The value of measuring the dynamic structure factor comes from its relation to the van Hove 

correlation function, which will be introduced in the following section. Consider the generic

scattering case, shown in Fig. 3.2. Incident neutrons begin in the plane wave state |ki〉, and
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Figure 3.2: The coordinate system used in a neutron scattering experiment. An incoming

neutron scatters from the sample, into some solid angle [101].

scatter from a very small (≈ 10−15 m) nuclei, resulting in a spherical scattered wave |kf 〉.

Neutron interactions with a nucleus is approximated by the Fermi pseudopotential:

V (r) =
2πh̄2

mn
bδ(r) (3.5)

with the parameter b being the scattering length of the nucleus. Scattering lengths are

determined experimentally, dependent on isotope and spin, and may even be negative.

However, in this case, the 4He scattering length is positive and not particularly large, about

3 fm. The scattering cross section, σ = 4πb2, is the effective area of a 4He nucleus seen
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by an incoming neutron. As an incoming neutron approaches the liquid and not a single

nucleus, it will see a sum of potentials of the form

V (r) =
2πh̄2

mn
b
∑
i

δ(r−Ri) =
2πh̄2

mn
bρ(r) (3.6)

where Ri is the ith nucleus and ρ(r) is the number density operator. The measured quantity

in an experiment is the double differential cross section, the probability density that an

incident neutron scatters from the sample into solid angle d Ω with energy transfer dE,

divided by the incident flux. Given the potential, we must consider what allowed transitions

will take place from |ki〉 into |kf 〉. The probability that the neutron changes state is given

by some function P (ki,kf ) per unit time. A small volume in reciprocal space, generally

Vdkf/(2πh̄)3, contains P (ki,kf ) transitions in unit time, or P (ki,kf )V h̄kdEdσ
(2πh̄)3 transitions per

unit time in a small volume of reciprocal space. Dividing by the incidental flux will give

the double differential cross section, with incidental flux φ = h̄ki/V mn for sample volume

V. Therefore,

d2σ

dΩdE
=
V 2m2

n

(2πh̄)3

ki
kf
P (ki,kf ) (3.7)

With the measurable quantity on the left side of the equation, we must now put the general

function P (ki,kf ) in physically relevant terms. Given that neutrons interact with the sample

on very short time scales, Fermi’s Golden rule can be applied:

P (ki,kf ) =
∑
m

2π

h̄

e−En/kBT

Z
〈kfm|V (r)|kin〉2 δ(Ef − Ei + h̄ω) (3.8)

with the δ-function forcing energy conservation, and the energy transfer being defined as

h̄ω = Ef − Ei. The general probability function now depends upon the matrix elements

〈kfm|V (r)|kin〉, with the state |kin〉 being a product of |ki〉, the incoming neutron state,

and |n〉, the state of the sample (a phonon excitation, for example). The Boltzmann fac-
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tor reflects the fact that one macroscopic sample state may include several many-body

microscopic states. The density fluctuation operator, ρ(Q) =
∑

i e
−iQ·Ri , can be inserted

d2σ

dΩdE
=
Nb2

h̄

kf
ki
S(Q, E) (3.9)

S(Q, E) =
h̄

N

∑
m

e−En/kBT

Z
〈m|ρ†(Q)|n〉2 δ(Ef − Ei + h̄ω) (3.10)

where 〈m|...|n〉 in this case refers to a matrix element. S(Q, E) is the dynamic structure

factor that depends only on the thermal average of the sample, including not only the

structure but also the dynamics. In a more conventional form,

S(Q,E) =
1

2πN

∫ +∞

−∞
〈ρ(Q, t)ρ†(Q, 0)〉eiEt/h̄dt (3.11)

where 〈...〉 refers to the thermal average. This demonstrates the direct connection between

S(Q, E) and the thermal average of the density fluctuation propagator ρ(Q, t)ρ†(Q, 0). That

is, the dynamic structure factor is the Fourier transform in space and time of the density

fluctuation propagator ρ(Q, t)ρ†(Q, 0), which is simply related to the double-differential

cross section. The dynamic structure factor, as measured in liquid helium, is shown in 3.3.

The van Hove time-dependent correlation function, G(r, t) gives the probability that an

atom starting at (0,0) can be found at some place and time (r, t) in a classical liquid. In a

quantum liquid, G(r, t) is the density-density correlation function 〈ρ(r, t)ρ(0, 0)/ρ0〉, where

ρ0 is the average density and 〈...〉 indicates the thermal average. The dynamic structure

factor can be written as the Fourier transform of the van Hove correlation function,

G(r, t) =
1

N

∑
i,j

〈δ(r− rj(t) + ri(0))〉 (3.12)

S(Q, E) =
1

2πN

∫ ∫
G(r, t)e−iEt/h̄−iQ·rdQdE (3.13)
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Figure 3.3: The measured dynamic structure factor, S(Q, E), for liquid helium [102]. A

strong branch, shown mostly as dark red, is the phonon-roton spectrum. Multiphonon and

other multiple scattering processes are shown at energies above 1.5 meV.

A simpler form of S(Q, E) may be obtained by integrating over energy,

S(Q) =

∫ ∞
−∞

S(Q, E)dE (3.14)

which is known as the static structure factor. In a liquid, S(Q) is simple to measure with a

diffraction experiment and reflects the overall structure of the liquid. In a solid with a well-

ordered structure, S(Q) will contain sharp peaks from the Bravais lattice of the sample,
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known as Bragg reflections. S(Q) can also be written in terms of the time-independent

correlation function, g(r):

S(Q) = 1 + ρ0

∫
(g(r)− 1)eiQ·rdr (3.15)

In liquid helium, S(Q) is well known and the first peak reflects the average distance 

between two particles in the liquid.

To summarize briefly, the momentum and energy transfer of an incoming neutron with 

the sample can be measured. The double differential cross section is measured, and directly 

related to S(Q, E), the dynamic structure factor. In turn, the dynamic structure factor is 

the Fourier transform of the van Hove correlation function, which reflects many properties 

of the liquid. The formalism here has appeared in several sources [100,103–106], which treat 

the problem of inelastic neutron scattering in general.

3.4 NEUTRON COMPTON SCATTERING

At low momentum and energy transfers, the previous section detailed how inelastic neutron 

scattering can be used to probe the collective excitations of a system. Very large momentum

and energy transfers, tens of Å
−1

and hundreds of meV, can probe single particle properties

of the liquid. The dynamic structure factor for this range is shown in Fig. 3.4. In this

section, the formalism associated with inelastic neutron scattering experiments of this type

will be further developed, when coherent interference is canceled by rapid phase variations,

in the incoherent limit.

The incoherent approximation reduces the dynamic structure factor to single particle

scattering,

Si(Q,E) =
1

2π

∫ +∞

−∞
eiEt/h̄〈e−Q·r(t)e−Q·r(0)〉dt (3.16)
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Figure 3.4: The dynamic structure factor as measured at high energy and momentum trans-

fers. The black line is a function of the form p2/2m, centered on the recoil line [107], with

m = mHe and p = h̄Q.

Which must obey the following sum rules at large Q [108]:

∫ +∞

−∞
S(Q,E)dE = 1 (3.17)∫ +∞

−∞
(E − Er)S(Q,E)dE = 0 (3.18)∫ +∞

−∞
(E − Er)2S(Q,E)dE =

4

3
ER〈EK〉 (3.19)

Where ER = h̄2Q2/2m is the recoil energy. These sum rules will greatly constrain the recoil

scattering. The first equation, the 0th moment sum rule, requires the total area under the
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curve to be 1. The second equation, the 1st moment, requires the scattering to be centered

on the recoil energy (in the case of symmetric scattering). The third equation, the 2nd

moment, relates the width of the scattering and the average single particle kinetic energy,

〈EK〉. In the simple case of fitting this scattering with a single Gaussian function, the

second moment is simply σ2, the variance squared. In a deep inelastic neutron scattering

experiment, the incoherent limit will be reached. The Impulse Approximation (IA), which

assumes that the scattered neutron and recoiling sample atom behave as free particles, is

not valid. .

Energy transfers are typically a few hundred meV in these types of measurements, with

typical binding energies only a few meV. In helium, the IA limit only occurs at infinite Q:

the helium-helium scattering cross section is large, and decays slowly with Q, and therefore

the struck atom will encounter other atoms often. Nevertheless, understanding the IA case

is important, since deviations from the IA can be handled. Suppose a struck helium atom,

with momentum k, is distributed according to the momentum distribution n(k). Then the

dynamic structure factor in the IA can be written as

SIA(Q,E) =
1

ρ

∫
d3k

(2πh̄)3
n(k)δ(E − h̄2Q2

2m
− k ·Q

m
) (3.20)

At a constant value of Q, the scattering will form a single, symmetric peak centered at the

recoil energy ER. The IA is a special case of the incoherent approximation, and can provide

information about the momentum distribution n(k) given the observed scattering, S(Q,E).

The peak width in energy is proportional to Q times the width of n(k). If a condensate is

present, the momentum distribution may take the form

n(k) = n0δ(k) + n∗(k) (3.21)

which would lead to scattering of the form
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SIA(Q,E) = n0ρ(2πh̄)3δ(h̄ω − h̄2Q2/2m) + S∗IA(Q,E) (3.22)

with the momentum distribution of the non-condensed atoms contributing to S∗IA. A con-

densate fraction will be observable in S(Q, E) at the recoil scattering center, E = ER, with

an intensity governed by what fraction of atoms populate the condensate. The scattering

is converted into the West scaling variable Y , and the plot of S(Q = Qconstant, E) as a

function of E is converted into J(Y) as a function of Y,

Y =
m

h̄2Q
(E − h̄2Q2

2m
) (3.23)

JIA(Y ) =
h̄2Q

m
S(Q,E) (3.24)

and is Q-independent at high-Q, J(Q, Y) = J(Y). That is, by plotting J(Y) at several

different Q-values, the curves will overlap. The Q-independence is known as Y-scaling, and

is a necessary but not sufficient property of the impulse approximation. Scattering centered

at E = ER in S(Q, E) is centered at Y = 0 in J(Y). The prototype momentum distribution

n(k) = n0δ(k) + n∗(k) would appear as

JIA(Y ) = n0δ(Y ) + 2π

∫ ∞
|Y |

kn∗(k)dk (3.25)

The Compton profile J(Y) is a one-dimensional projection of the momentum distribution.

The variable Y is the component of the momentum, k‖, that is parallel to the momentum

transfer Q from the incident neutron, k ·Q = k‖. A second physical interpretation of Y is

that the distance traveled by a recoiling helium atom, s, is a Fourier conjugate of Y .

The one-body density matrix, ñ(s), is also related to the Compton profile J(Y ). At

zero temperature, ñ(s) is a measure of the many-body wavefunction overlap by removing

a particle at 0, and placing it a distance s away: ñ(s) = 〈Ψ†(s)Ψ(0)〉. Bose condensation
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occurs if and only if there is a finite value of ñ(s) at infinite s, when ñ(∞) = n0. As the

many-body wavefunction stretches across the entire system, Bose condensation is present.

The one-body density matrix is related to the Compton profile by a Fourier cosine transform,

which is often used to compute J(Y ) from computer simulations.

One might expect a sharp feature in J(0) for large values of n0. This is not the case

because recoil scattering in helium deviates from the impulse approximation: the recoiling

helium atom is not a free particle. The interatomic potential is steeply repulsive at short

distances, and the helium-helium scattering cross section is large and decreases slowly with

Q. As a result, final state effects must be taken into account. When J(Y ) deviates from ideal

behavior, Compton defects appear, and track oscillations in the helium-helium scattering

cross section.

Several final state effect theories have been developed over time. Modern theories deviate

from the impulse approximation in terms of a broadening function,

JFS(Y,Q) =

∫ +∞

−∞
JIA(Y ′)R(Y − Y ′, Q)dY ′ (3.26)

by convolution with the impulse approximation Compton profile. As a result, final state

effects will smear out sharp features of the data and broaden J(Y). Final state effect theories

must satisfy the following sum rule,

∫ +∞

−∞
Y 2J(Y,Q)dY = 0 (3.27)

and will therefore not contribute to the measured 〈EK〉. When measured on a spectrometer,

the instrument resolution must also be accounted for,

Jmeasured(Y,Q) =

∫ +∞

−∞
JFS(Y ′)I(Y − Y ′, Q)dY ′ (3.28)
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for some instrumental resolution function, I(Y,Q), which also contributes to J(Y) by con-

volution. In practice, I(Y,Q) is calculated from a Monte Carlo ray tracing simulation of

scattered neutrons, and contributes about equally with final state effects to the measured

J(Y).
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CHAPTER 4

EXPERIMENTAL APPROACH: TIME OF FLIGHT TECHNIQUE AND 
SAMPLE CHARACTERIZATION

4.1 OVERVIEW

The three inelastic instruments used in this work are part of the Spallation Neutron Source 

(SNS) located at Oak Ridge National Laboratory. SNS is an accelerator-based neutron 

source, with a particle accelerator producing 60 pulses of protons on target each second, 

with a pulse width of less than 1 microsecond. The incoming protons strike a liquid Hg 

target, which undergoes a process known as spallation. Soon after the incoming proton 

strikes a Hg nucleus, a high energy neutron is released. These high energy neutrons are 

often visible in instrument detectors, and arrive quickly after the protons reach the target, 

known as the prompt pulse. Target Hg atoms will then emit several low energy neutrons in 

a process called evaporation. As a result, one incoming proton can often lead to dozens of 

neutrons being ejected from the target.

Adjacent to the target, neutrons will move into a moderator. A neutron moderator will
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shape the wavelength distribution of neutrons to be more suited for scattering applications.

A cold moderator, with T ≈ 20K for low energy inelastic scattering, results in 0.1-10 meV

neutrons with a Maxwellian distribution. Higher temperature moderators will result higher

energy and lower wavelength neutrons. Two of the instruments used in this work (CNCS,

BASIS) use a cold moderator of liquid hydrogen. The third instrument, ARCS, requires

higher energy neutrons and utilizes an ambient temperature water moderator.

A waveguide coated with high-reflectivity material connects neutrons leaving the mod-

erator to the sample. By design, most neutrons (≈ 90%) will transmit through the sample 

into an adsorbing material, or beam dump. High transmissions are typical in neutron scat-

tering experiments to avoid multiple scattering. With ≈ 90% transmission, there remains 

≈ 10% scattering, and ≈ 1% multiple scattering. A neutron scattering from the sample, 

then scattering from the sample again, into a detector is known as multiple scattering. The

directional information of the neutron is lost, and the path length is longer than a single 

scattering event, which distorts both the measured Q (by direction) and E (by time of 

flight) of the neutron.

This chapter provides details of the experimental setup, including the neutron scattering 

instruments employed in this work and the sample environment and sample characterization. 

The FSM-16 sample used here was also used in the previous inelastic neutron scattering 

experiment by Prisk et al. [13], and has not been modified in any way.

4.2 INELASTIC INSTRUMENT RESOLUTION, GENERALLY

Neutron scattering instruments contribute an instrument specific width to all measured

scattering peaks, known as instrumental resolution. Scattering due to the sample without

instrumental contribution is known as intrinsic scattering, and the Q- and E-dependent
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instrumental contributions are described by a resolution function. This resolution function

is convoluted with intrinsic scattering [109]:

Sobs(Q,E) = S(Q,E)
⊗

I(Q,E) =

∫ ∫
I(Q′ −Q,E′ − E)S(Q′, E′)dQ′dE′ (4.1)

where Sobs(Q,E) is the observed scattering, S(Q,E) is the intrinsic scattering, and I(Q,E)

is the instrumental resolution function. In the case of isotropic liquids here, Q will be used

and not Q. For other systems, such as phonon measurements in a single crystal, resolution

can depend on the magnitude and direction of Q.

Several basic requirements of I(Q,E) dictate the properties of Sobs(Q,E) as a result of

the convolution. If the intrinsic scattering S(Q, E) is extremely narrow, a δ-function, Sobs

will be equivalent to the resolution function itself. The resolution function is normalized to a

total area of 1, as the instrument itself does not produce neutrons. I(Q,E) will shift around

and redistribute the intensity of the scattering, and may be asymmetric. Diffractometers

measuring the one-dimensional function S(Q) will also have a resolution function I(Q),

which contributes a finite width to Sobs(Q) even in the case of single crystals with δ-function

intrinsic scattering.

A number of different uncertainties contribute to the instrumental resolution function.

The incoming beam will be subject to finite monochromation, with some average energy

E and spread δE, for example. The physical size of the sample cell will contribute some

uncertainty to the total flight path of a scattered neutron. Various contributions to the

resolution function add in quadrature in the Gaussian approximation, and may contribute

in a more complicated form in general. When performing a detailed analysis of the shape

of Sobs(Q,E), including the total width, instrument resolution must be taken into account.

This includes the linewidth measurements on BASIS and the 〈EK〉 measurements on ARCS

in this work. Measurements of the phonon-roton dispersion on CNCS aim to measure the
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center of a peak, and a detailed resolution function is not required, but approximations for 

the resolution function do exist [110].

4.3 DIRECT AND INDIRECT SPECTROMETERS

The SNS is an accelerator based neutron source, which produces neutrons in a pulse. Neu-

tron spectrometers utilize the pulsed nature of the source to measure neutron energy by mea-

suring the neutron time of flight. In general, neutron spectrometers are classified into two 

types: direct, and indirect (or inverse) geometry. Direct geometry spectrometers monochro-

mate the incoming beam, producing a well-defined Ei on sample, and use time of flight to 

measure the final neutron energy, Ef . Indirect geometry spectrometers use a white incom-

ing beam, with a distribution of Ei on sample, and monochromate the scattered beam to 

produce a well defined Ef . Then time of flight is used to determine the incoming energy, and 

total energy transfer, of each scattered neutron. A schematic of each technique is shown in 

Fig. 4.1. In this work, two direct geometry spectrometers (CNCS, ARCS) and one indirect 

geometry spectrometer (BASIS) are used.

Direct geometry spectrometers use a rotating disc coated in neutron absorbing material, 

known as a chopper, to monochromate the incoming beam. After neutrons emerge from the 

moderator, an opening in the disc allows neutrons through after a short time delay. This 

results in neutrons with a specific energy propagating towards the sample, with neutrons of 

too high or too low energy being absorbed by the disc. Slits in the chopper vary in size and 

shape. Disc choppers rotate around an axis parallel to the incoming beam, and often have 

variable slit sizes and rotation speeds, allowing for variable instrument resolution and beam 

intensity. For CNCS, a set of two counter-rotating disc choppers, known as double-disc 

choppers, set the incoming energy by varying the relative phase of each chopper. Increasing 

the rotation of these choppers allows for finer resolution, at the cost of neutron intensity.
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Figure 4.1: A schematic representation of a direct and indirect gemoetry spectrometer,

from [111]. On the left, a physical description of the instrument is given. The right panel

shows the position of a neutron as a function of time. The slope gives the neutron velocity,

which is proportional to
√
E.

Double-disc choppers are employed immediately upstream of the sample on CNCS. Fermi

choppers employ a set of curved slots which rotate on an axis perpendicular to the incoming

beam, resulting in a small bandwidth of neutrons viewing a clear path in their rest frame.

A Fermi chopper is employed on ARCS about 2 meters upstream from the sample position.
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The energy resolution of a direct geometry spectrometer is, in general, a very compli-

cated function [109]. An approximation, the Gaussian approximation, is a useful tool to

understand the spectrometer. The Gaussian approximation takes into account three sources

of error, in neutron time of flight: the source pulse width, ∆tS , the time uncertainty as a

result of the chopper, ∆tC , and the uncertainty in time-of-flight from the sample to the

detector, ∆tD. These three terms contribute to the total energy resolution, ∆E, by adding

in quadrature:

δE = mn

√{ v3
i

L1
+
v3
fL2

L1L3

}2
∆t2S +

{ v3
i

L1
+
v2
f (L1 + L2)

L1L3

}2
∆t2C +

{ v3
f

L3

}2
∆t2D (4.2)

with source to chopper distance L1, chopper to sample distance L2, and sample to detector

distance L3. Neutron mass, initial and final velocity is given by mn, vi and vf , respectively.

This is known as the Gaussian approximation of instrumental resolution, since the incoming

beam is modeled as having a Gaussian shape. The spectrometer energy resolution is a

performance benchmark of an instrument. When measuring the momentum distribution,

the instrument resolution must be taken into account in detail. The intrinsic scattering from

the momentum distribution and the instrument resolution both contribute substantially

to the observed scattering. There is no simple method for eliminating the instrument

contribution to the scattering, and instead this contribution is taken into account in the data

analysis. In the case of measuring the phonon-roton dispersion, the effective linewidths will

be overwhelmingly dominated by instrumental resolution and determine the fitting function

used in data analysis.

The indirect geometry spectrometer used in this work utilizes is known as a backscat-

tering spectrometer. The backscattering condition is met by Bragg reflections at or near

90 degrees. A set of single crystal analyzers monochromate the scattered beam by only

allowing backscattered neutrons to reach the detectors. The energy resolution is given by
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δEf = 2Ef (
δd

d
cotθδθ) (4.3)

for lattice spacing d and scattering angle θ. This is a result of differentiating Bragg’s law.

In the backscattering situation, the θ-dependent term is very small as θ ≈ 90 degrees.

The resolution is then dominated by the δd/d term (the mosiac spread of the analyzer

crystal), which leads to typical energy resolutions in the µeV range. In this work, the

energy resolution at the elastic line is ≈ 3.5µeV. For comparison, chopper spectrometer

resolutions are in the 50 µeV range. Several other backscattering spectrometers at reactor

sources have finer resolution (≈ 1µeV on HFBS, for example), but the time-of-flight source

provides BASIS with a large dynamic range, allowing BASIS to measure a large range of

energy and momentum transfer, at the expense of resolution.

The resolution functions presented above provide an approximation of the energy width

of the elastic line, E = 0. This is presented as a guide to the spectrometer performance

in general. However, the scattering of interest here is the inelastic scattering, E 6= 0.

Resolution also depends on the scattering angle, and therefore Q. As a result, we must defer

to equation 4.1 to understand the detailed resolution function, I(Q,E), as it contributes to

Sobs(Q,E).

In each experiment, a different approach was taken to understand I(Q,E). The intrinsic

scattering of liquid helium is well-known in many cases, which we have used to understand

the instrumental resolution function. Below 1 K, the intrinsic linewidth of the roton has

been observed to be extremely narrow [55]. A measurement of the bulk liquid at 350 mK

was made on BASIS to measure the resolution function along the phonon-roton curve. The

Compton profile, including final state effects, is also well known and was used in a simulation

of the ARCS instrument [112], providing I(Q,E) directly. In the case of CNCS, it was known

from previous measurements [113] that the linewidth at the low temperatures studied was
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very narrow and approximately a δ-function. That is, the resolution width of CNCS is

≈ 50µeV, and the intrinsic scattering is ≈ 1µeV. Therefore the scattering was modeled as 

the resolution function convoluted with a δ-function, which is the instrumental resolution

function itself. CNCS resolution is therefore modeled as a single Gaussian function.

4.4 THE BASIS INSTRUMENT

The Backscattering SIlicon Spectrometer (BASIS) is a indirect geometry, time-of-flight neu-

tron backscattering spectrometer located at beamline 2 of the SNS [114]. Neutrons exit the 

cold monitor and travel down 84 meters of beam guide to the sample. A series of pulse 

shaping choppers placed at 7, 9.25, and 50 m from the moderator function to shape the 

incoming beam and prevent frame overlap. As a result of the pulsed nature of the SNS 

source, slow neutrons from a previous pulse can coincide with fast neutrons of a current 

pulse, known as frame overlap, and appear to have the same energy. Neutrons from the 

moderator include a large and asymmetric distribution of neutrons, which the choppers 

reduce to a narrow, evenly distributed incoming beam. A beam monitor slightly upstream 

from the sample measures the incoming beam, shown in Fig. 4.2.

Neutrons exiting the guide move through a series of adjustable slits, the beam monitor, 

and enter the spectrometer tank. Scattering from the sample will send neutrons to a set 

of analyzer crystals, which cover the walls of the spectrometer tank. If the backscattering 

condition is met, a scattered neutron will reflect from an analyzer crystal and enter a 

detector, positioned above and below the sample. The spectrometer tank, sample, and 

detector layout is shown in Fig. 4.3.

Measurements in this work utilize a white beam with average wavelength 5.75 Å, with 

all bandwidth choppers operating at 60 Hz. The left and right adjustable slits were held at 

3.75 and -3.75 position, and the top and bottom slits held at the -1.75 and -21.25 position.
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Figure 4.2: The measured incoming beam on BASIS, as seen by the monitor immediately

before the sample.

Several pieces of shielding were removed from the sample environment space to allow a

100 mm Oxford cryostat (details of the sample environment setup, common to all three

experiments in this work, are in the sample environment section below). The resulting

window ranges from roughly 0.25 < Q < 2.0Å
−1

and 0 < E < 1000 µeV, which includes the

roton minimum, but not the maxon or phonon regions. A plot of the observable spectrum

is shown in Fig. 4.4.

The primary objective of the measurement using BASIS is to measure the intrinsic

linewidth of the roton minimum, confined in FSM-16. The linewidth of the bulk liquid

minimum varies across temperature, from less than 1 µeV to greater than 100 µeV. The
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Figure 4.3: Layout of the BASIS spectrometer tank, including sample, analyzer crystals,

and detectors. The arrow indicates the path of a scattered neutron, eventually ending in the

top bank of detectors. The sample environment space and equipment has been removed for

clarity [114].

BASIS resolution broadening will substantially contribute to the observed linewidth at low

temperatures, as the resolution is on the order of a few µeV. The roton minimum is also

at higher energy, approximately ∆ = 740 µeV, above the well understood resolution at

the elastic line (0 µeV). For this reason, a measurement of the bulk liquid at 350 mK

was performed. The bulk liquid at low temperatures is known to be intrinsically very

narrow [55], and provides an extremely narrow intrinsic scattering of the roton dispersion.

With a known intrinsic scattering and observed scattering, the resolution function at the

roton minimum was deduced.

53



Figure 4.4: The total dynamic window visable on BASIS under the current instrument

settings. This window is large enough to encompass the roton minimum.

Two separate contributions are involved in this resolution function measurement: the

resolution of the instrument at high Q and E, and the resolution of the instrument across

a dispersion. As the dispersion moves through Q and E, a region of large slope (positive

or negative) is analyzed as a single Q bin, say Q = [1.775, 1.800]. The dispersion in this

region has a negative slope. Taken as a single bin, the low Q, high energy and high Q, low

energy portion will appear as an effectively larger width in energy than a flat region of the

dispersion. The bulk liquid measurement at base temperature has approximately the same

dispersion as the confined liquid, and the resulting measurement of the bulk liquid includes

both contributions to the resolution function. The measured dispersion, and a cut near the

roton minima QR = 1.925Å
−1

, are shown in Fig. 4.5. The full-width half-max of this bulk

data is 6.0 µeV.
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Figure 4.5: Left: the measured bulk dispersion, in the roton region. Notably absent is the 

layer mode scattering, which appears in the confined liquid scattering. Right: S(Q, E) as a 

function of intensity, near Q = QR. The resolution-limited bulk liquid scattering shows an 

asymmetric resolution function in the tails, similar to the elastic resolution function.

4.5 THE CNCS INSTRUMENT

The Cold Neutron Chopper Spectrometer (CNCS) is a direct geometry spectrometer con-

nected to the cold moderator [110]. An overall layout of the instrument is shown in Fig. 

4.6. Neutrons from the cold moderator are initially shaped using a Fermi chopper and a 

bandwidth chopper. A Fermi chopper consists of a series of absorbing slats and open slits, 

curved such that when the chopper rotates, a straight line path is available to neutrons of 

a certain velocity. These choppers prevent frame overlap and allow a more narrow band
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Figure 4.6: A drawing of the CNCS instrument. Instrument shielding and detector housing

have been removed for clarity [110].

of neutron wavelengths to propagate down the guide, but do not fully monochromate the

beam. Two counter-rotating discs, or disc choppers, with small slits on the edge to allow

neutrons through, are placed at the end of the guide. There are multiple slit widths avail-

able, allowing for a variable resolution and intensity. Finally, neutrons scattering from the

sample travel 3.5 m into the detectors, which have an angular coverage of between -50◦ and

135◦ in the horizontal plane, and ± 16◦ in the vertical direction. Position and time sensitive

detectors measure the time of flight, and allow the spectrometer to calculate the energy and

momentum transfer of scattered neutrons.

56



Figure 4.7: Monitor intensity as a function of time of flight, for monitor 1 upstream (left),

and monitor 2 downstream (right). Note that immediately following the Fermi chopper, the

beam is still asymmetric, but following the double disc chopper, the beam is symmetric and

approximately Gaussian in shape.

The peak flux of incoming neutrons occurs at 10.0 meV (λ = 2.9 Å), with a selectable

Ei from 1 to 50 meV. In this measurement, Ei = 3.5 meV is sufficiently large to show the

entire range of the phonon-roton curve, but also under a Bragg edge of aluminum, which is

a significant portion of the sample environment equipment. The instrument supports three

unique sets of slits in the double disc choppers, with variable intensity and resolution, and

the all intermediate mode (medium resolution, medium intensity) was used in this work.

The resulting range in S(Q,E) is approximately from 0 < Q < 2.5 Å
−1

, and -3 < E <

3 meV. Two beam monitors on CNCS measure the incoming beam, an upstream monitor

after the Fermi chopper and a downstream monitor after the double disc chopper, but before

the sample. The measured incoming beam of each monitor is shown in Fig. 4.7.

Below 0.5 K, the bulk liquid has an intrinsic linewidth that is extremely narrow, less

than 0.1 µeV. Previous data analysis uses a Damped Harmonic Oscillator (DHO) function
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to model the intrinsic lineshape. Measurements of this system on BASIS, with a few µeV 

resolution, indicate the linewidth in confinement is identical to the bulk [113]. That is, the 

expected intrinsic linewidth of a measurement on CNCS is two orders of magnitude smaller 

than the instrumental resolution. The expected bulk-like scattering in the roton region, an 

extremely narrow (compared to resolution) DHO, is effectively a δ-function. The intrinsic 

scattering δ-function, convoluted with a Gaussian resolution function, allows Sobs(Q, E) to 

be modeled by a single Gaussian for the bulk-like dispersion. The layer mode has also been 

previously measured [13], with a width much wider than the instrumental resolution, and 

can also be modeled as a single Gaussian function.

4.6 THE ARCS INSTRUMENT

Deep inelastic neutron scattering measurements were performed on the wide Angular Range 

Chopper Spectrometer (ARCS) [115]. ARCS is a direct geometry spectrometer connected 

to an ambient temperature water moderator, and capable of measuring large energy and 

momentum transfers, due to the detector coverage at large angles and the higher energy 

neutrons coming from the moderator. A diagram of the instrument in Fig. 4.8 shows the 

components of the instrument. The first component, a T0 chopper, eliminates the prompt 

pulse and other unwanted radiation coming directly from the neutron source and allows 

a broad bandwidth of neutrons through. Next, a Fermi chopper rotating at high speeds 

monochromates the beam, followed by a beam monitor. Neutrons meet the sample next, 

which is 12.6 m away from the moderator. Detectors cover -28 to 135◦ horizontal range and 

-27 to 26◦ vertical range. Finally, a second monitor blank 18.5 m downstream and a beam 

dump are the last components.

Measurements in this work used an incoming energy Ei of 700 meV, which results in

observable scattering over a 0 < Q < 30 Å
−1

and 0 < E < 400 meV range. Of the three
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Figure 4.8: A schematic of the ARCS instrument [115]. Radial shielding baffles between the

sample and detector have been omitted for clarity.

Fermi choppers available on ARCS, the high resolution chopper was used here, rotating at

600 Hz. Data collected as a function of position and time can be reduced into J(Y), with

the recoil line visible up to Q = 28Å
−1

. The center of the recoil scattering would be at Y

= 0 given a perfectly calibrated instrument, but fitting of the data requires a variable Yc,

which is on the order of 0.1 Å
−1

across all values of Q studied here. The two beam monitors

were used to fix Ei and t0, where t0 is the delay between the prompt pulse and neutrons

exiting the source.

The analysis of deep inelastic neutron scattering data requires a detailed understanding
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of the resolution function. Detailed predictions for the shape of J(Y) exist, and the reso-

lution function must be taken into account: a typical resolution width is about 0.6 Å
−1

,

comparable to the intrinsic scattering width of J(Y). The resolution function will also con-

tribute to the measured 〈EK〉, as it has a positive second moment. In a set of measurements

on samples with a known intrinsic scattering, Gaussian resolution typically underestimates

the resolution response of the instrument [115]. Detailed resolution functions beyond the

Gaussian approximation, discussed in section 4.3, are required.

A previous measurement of the bulk liquid as a function of temperature utilized McStas

simulations to accurately provide the resolution function of the instrument [112]. McStas

is a Monte Carlo neutron ray tracing simulation, which can simulate the instrument com-

ponents and a variable sample intrinsic scattering [116]. The instrument components were

recreated in McStas, and the intrinsic scattering of the superfluid was used. Beam moni-

tors measured the incoming bream used during the experiment, and was reproduced in the

McStas simulation, confirming an accurate model of the incoming beam. The simulated

scattering results contained the known intrinsic scattering and the instrumental resolution,

which allowed the resolution, as a function of Q, across the recoil line to be extracted. This

resolution function was used in the subsequent data analysis, and results were in agreement

with previous measurements of the bulk liquid on other neutron scattering instruments.

These previous instrument resolution functions will be used in the data analysis here.

The bulk liquid experiment used the same Fermi chopper and Ei, with only a slightly larger

sample can. Both cans were of a cylindrical shape, with the bulk liquid can being 5.08

cm tall and 2.54 cm in diameter, and the can used here being 5.08 cm tall and 2.0 cm in

diameter. Of the three components in the resolution function calculation above, the sample

can size contributes to the third component. Using equation 4.2 to estimate the resolution at

high energies where recoil scattering occurs (E > 300meV ), the resolution is dominated by
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Figure 4.9: Three components of the resolution function and the resolution function width,

plotted as a function of energy transfer. The total width, shown as a green line, is dominated

by the chopper uncertainty, shown as black points. The sample component and moderator

timing uncertainty, shown as blue and red points respectively, make only a minor contribu-

tion.

uncertainty from the Fermi chopper, as shown in Fig. 4.9. Difference in resolution between

the two experiments will therefore be minimal, as the major contributing component to the

resolution function is identical in both cases.

The resolution functions obtained previously will be employed in analysis of the data
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Figure 4.10: The resolution FWHM as a function of Q, as simulated by McStas for the

intrinsic scattering of superfluid liquid helium [112].

taken here. With the simulation using the intrinsic scattering of superfluid helium, including

final state effects, the resolution function was found to be Gaussian with a width dependent

on Q. The FWHM of the resolution function, plotted as a function of Q, is shown in Fig.

4.10.
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4.7 SAMPLE ENVIRONMENT

The sample environment setup was common in all three experiments presented in this work, 

and presented a significant challenge. The desired temperature range extends to below 1 

K, and in situ gas loading is required. The standard cryostat used in neutron scattering 

experiments has a base temperature of about 1.25 K, and a dilution refrigerator requires 

significant space that not all instruments can accommodate. A HelioxVT cryogenic insert 

designated ULT-006, with a base temperature of 300 mK and gas loading lines, was employed 

with 100mm Oxford cryostats, commonly called orange or ILL-style cryostats used across 

many neutron scattering facilities. Volumetric gas loading was accomplished with both a 

custom built gas handling system and an SNS provided gas panel. A picture of the insert, 

inside a 100mm cryostat, is shown in Fig. 4.11.

The HelioxVT insert consists of a 3He pot connected to a sorption pump and heater, 

which allows for control of the pump. The bottom of the insert contains the vacuum can, 

which indium seals to the bottom flange. Inside the vacuum can, exchange gas connects the 

sample can to the cryostat. Once cooled below 10 K, the exchange gas is pumped out and 

the sample can can cool below the cryostat base temperature. The sample cell, shown in 

Fig. 4.12, has an additional set of thermometers and heater wire controlled by a Model 350 

Lakeshore temperature controller. Small neodynium magnets were placed on the sample cell 

to prevent the Al from entering the superconducting phase below 1.2 K, which significantly 

lowers the thermal conductivity.

The sample cell mounts to a copper bar, which connects the M6 thread of the insert to 

the 5/16-18 UNC 2B threads on the bottom of the cell. A drawing of the sample cell is 

shown in 4.13. The cell is designed for approximately 94% transmission when FSM-16 is 

loaded to full pore. The top of the cell seals with an indium O-ring. 3.381 g of FSM-16 was 

heated to 100◦ C and pumped in a vacuum oven to lower than 10−2 torr for 24 hours, then
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Figure 4.11: Bottom center, the orange cryostat in use on the WAND instrument at the

High Flux Ion Reactor. Below the orange body of the cryostat, an aluminum tail is placed

in the beam, where the sample cell is located. The HelioxVT insert is placed in the cryostat,

with fill and pumping lines as well as electrical connections accessed from the top. An orange

cryostat and HelioxVT insert was used throughout all three experiments presented in this

work.

loaded within the sample cell with a small piece of aluminum foil covering the powder to

prevent plumage upon opening the cell. A leak check of the sample cell and connection to

the HelioxVT insert was performed prior to each experiment.

Test loadings of helium gas into the sample cell and FSM-16 maintained base temper-
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Figure 4.12: A view of the sample cell as attached to the HelioxVT insert, with the vacuum

can removed. The cell thermometer and fill line are visible at the bottom of the cell, with

the heater highlighted by a red circle. The cell mounts to a copper female M6 thread.

ature for a short amount of time, a few minutes. A small heater was added to the helium

fill line, to prevent superfluid helium from forming in the fill line and thermally connecting

the sample cell to warmer parts of the cryogenic setup. This small heater is highlighted

with a red circle in Fig. 4.12. Applying 1 mA through approximately 25 Ω of resistance is
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Figure 4.13: Schematic drawing of the sample cell. Standard 6061 Aluminum was used.

Several blind tapped holes are available for neodynium magnets and thermometers to be

attached to the cell, and mounting threads on the bottom.

sufficient to burn any superfluid film, while simultaneously keep the hold time of the fridge

long.
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4.8 SAMPLE CHARACTERIZATION

The previous generation of mesoporous samples, such as Vycor, aerogel, and xerogel have 

a disorderd porous structure, and a wide range of pore sizes in each sample. A newer 

generation of porous materials, MCM-41 and FSM-16, have been developed with an ordered 

structure of pores that have a narrow pore size distribution. These samples contain a 2D 

triangular lattice (p6mm) with controllable pore size, from 1-10 nm. Microscopy images of 

the pores perpendicular to the pore axis show that the pore runs through the entire grain, 

with a pore length hundreds of nm long. Typical surface areas are also quite high, from 

800-1000 m2/g, with grain sizes being a few dozen to few hundred µm.

FSM-16 is synthesized in a four stage process based on a silicate mineral, kanemite. 

First, a hydrated paste is formed and the pH is adjusted using a surfactant. The solution 

is heated to 70◦ C and stirred, and the silicate-organic solid complex is filtered out of the 

solution. HCl is added over the course of a few hours to raise the pH to 8.5, and the solid 

product remaining is filtered out, washed and dried. Next, the intermediate product is 

immersed in water at 70◦ C for two days, allowing the pore walls to fully form. Lastly, the 

surfactant is removed by calcination, and empty FSM-16 pores remain. Structural models 

of the intermediate stages are shown in Fig. 4.14. Two processes are at work in the folded 

sheet mechanism for which Folded Sheet Material is named: cation exchange between the 

kanemite sheets and the surfactant, and the formation of the three-dimensional framework 

by the sheets while immersed in water [39].

The resulting FSM-16 pore structure has been studied in detail using electron microscopy 

and X-ray diffraction. Pore size is controlled by the surfactant chain length, with longer 

surfactant chains resulting in larger pore sizes. TEM images of the pores are shown in Fig. 

4.15. A single sample of powder was used in all three measurements here, as well as a 

previous neutron scattering experiment by Prisk et al. and was synthesized by S. Inagaki
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Figure 4.14: Intermediate stages of FSM-16 during the synthesis process, with the surfactant

head and tail shown, and the silica drawn as solid black. The Intermediate A stage is formed

after the initial silicate-organic solid complex is filtered. Stage B is formed as HCl is added.

Stages C and D are formed in the final two days of the synthesis process. Not shown here

is the final product after calcination [39].

of Toyota Central R & D Laboratories, Inc.

Several techniques to characterize the sample have been employed, primarily to un-

derstand the structure of FSM-16 and the adsorption properties. N2 and 4He adsorption

isotherm were performed at 77 and 4.2 K, respectively. X-ray diffraction was performed
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Figure 4.15: Transmission electron micrographs from Inagaki et al [39]. The top image

shows a direct view of the calcinated pores. The bottom image shows the pore length stretch-

ing across a grain, with a larger scale.

on the empty sample, to confirm the porous structure space group and measure the lattice

constant. Results are shown in Fig. 4.16 and Fig. 4.17. The N2 isotherm revealed a

Brunauer- Emmett-Teller (BET) surface area of 1014 m2/g, with a pore size distribution

centered at 28 AA and a full-width half-max of ≈ 2 Å. The 4He adsorption yielded a full
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Figure 4.16: Left: N2 adsorption and desorption isotherm. Right: 4He adsorption isotherm

[13].

pore filling of approximately 47 mmol/g, and a layer-by-layer formation of the adsorbed

helium, with a monolayer filling of 21.9 mmol/g. The Frenkel-Halsey-Hill (FHH) model

suggests second layer completion at approximately nf = 36.3 mmol/g, although this model

is a simplification that does not account for pore size or morphology and is ideally applied

only to flat surfaces. X-ray diffraction observed 4 peaks consistent with the p6mm space

group, and a lattice constant of ≈ 45 Å, which is the distance between two pore centers

including the pore walls.
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Figure 4.17: Left: pore size distribution, as calculated from the N2 isotherm using the

Barrett-Joyner-Halenda (BJH) method. Right: film thickness δ using the Frenkel-Halsey-

Hill (FHH) model, and isothermal compressibility κT [13, 117].

Figure 4.18: X-ray diffraction of the FSM-16 sample. The peaks are indexed according to

the p6mm space group [13].
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CHAPTER 5

EXCITATION LIFETIMES IN FSM-16

In bulk liquid helium, the roton linewidth and energy has been previously measured exten-

sively [26, 30, 53, 54] and is understood in terms of the BPZ theory. The roton linewidth 

is inversely proportional to the roton lifetime, and related to the roton mean free path. 

However, the effect of the small FSM-16 structure on the roton is not clear. In this chap-

ter, measurements of the excitation lifetime and energy as a function of temperature are 

presented, and compared to the bulk liquid measurements, when the pore size is smaller 

than the mean free path. The aim of this study is to determine the effects of confinement 

on excitation lifetimes, energy, and mean free path in a system with a well-understood bulk 

behavior. The results presented here have been published previously [113].

FSM-16 pores are quite small, 2.8 nm in diameter, and the first layer of adsorbed helium 

is an inert solid that occupies about 1 nm of the total diameter [117], leaving only 1.8 nm of 

pore space occupied by the liquid. Any modification of the roton lifetime should therefore be 

extreme in this case, compared to larger porous systems studied previously. Measurements 

of helium confined in FSM-16 suggested a roton linewidth, and therefore excitation lifetime, 

which deviates significantly from the bulk values [13], shown in Fig. 5.1. Roton linewidths 

considered here are from the excitation spectra that are bulk-like, at full pore filling. These 

previous measurements indicate a BPZ-like temperature dependence, with a temperature
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Figure 5.1: Measured roton linewidths as a function of temperature, for the two highest fill-

ings measured by Prisk et al [13]. The bulk liquid is shown as a black dotted line, along with

points from Pearce [24]. There is significant deviation from the bulk liquid at low tempera-

tures, but the measured linewidth is approximately as large as the spectrometer resolution.

independent increase in the linewidth.

A higher resolution instrument, the BAckscattering SIlicon Spectrometer (BASIS), was

employed to measure the linewidth. The resolution of BASIS at the elastic line is 3.5

µeV, an order of magnitude smaller than the instrument used previously. The resolution

at higher energy near the roton minimum will not be significantly different. An initial

measurement of the empty FSM-16 sample showed no background features as a result of

the porous material. Measurements were carried out at a loading of 43.0 mmol/g as a

function of temperature, from base temperature (340 mK) to 1.5 K. An additional bulk

liquid measurement was performed, by condensing a significant amount of liquid in the cell

and used as a measurement of the instrumental resolution. The results presented in this
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section have been recently published [113].

5.1 DATA ANALYSIS

The data was reduced into 0.025 Å
−1

and 3 µeV bins. A plot of the scattering at the roton

minimum Q, as a function of energy is shown in Fig. 5.2. The peak heights have been scaled

to be equal intensity for visibility, and in the actual data they have equal total area. A

single peak is centered near 740 µeV, which decreases in width as a function of temperature.

At base temperature, the apparent width of the confined liquid is identical to that of the

bulk liquid, which is resolution limited.

With the bulk liquid data as a resolution function, the confined liquid was analyzed with

a Gaussian to fit the layer mode, and a Damped Harmonic Oscillator (DHO) function to fit

the bulk-like mode. A DHO is commonly used to fit the bulk liquid roton, and defined as

S(Q,E) = (n(E, T ) + 1)
Z(Q)

2π

(
Γ

(E − Ec)2 + (Γ/2)2
− Γ

(E + Ec)2 + (Γ/2)2

)
(5.1)

with Z(Q) oscillator strength, Γ FWHM, and Ec peak center. The function n(E, T ) is the

bose occupation factor. In general, the use of a DHO function was equivalent to the use of

a Lorentzian function when fitting this data set. A fit using this function is shown in Fig.

5.3 at the roton minima. Note that, in this fit the bulk-like mode has been convoluted with

the resolution function and will not reflect the intrinsic width of the scattering. With the

constraint of the DHO shape, the fit overlaps with all points within error, except the single

most intense point.
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Figure 5.2: The dynamic structure factor S(Q, E) at the roton minimum, with the filling 43.0

mmol/g. As temperature decreases, the roton energy increases and the linewidth becomes

more narrow.

5.2 RESULTS

The fitting procedure was applied to the data across the Q range available, from 1.75

< Å
−1

< 2.00. The peak centers as a function of Q are plotted in Fig. 5.4, and were fit to

a Landau dispersion. If the Q range considered for Landau dispersion fitting is too large, it

will require cubic corrections and show an asymmetry. A bulk liquid dispersion was fit with

variable Q ranges, until dispersion parameters consistent with the literature were obtained.
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Figure 5.3: A standard fit applied to the base temperature data. Three components are

summed to make the total fit: the bulk-like component, shown in green, the layer mode

component, shown in red, and a linear background component which is not shown.

This Q range was then used for all subsequent analysis of the confined liquid. The resulting

∆, as a function of temperature, and theoretical BPZ curve from the bulk liquid are shown

in 5.5.

The absolute value of ∆ depends on the energy scale calibration of the spectrometer. In
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Figure 5.4: Dispersion for the base temperature data. The bulk-like mode is shown in blue,

with the layer mode in red, and the bulk liquid dispersion as a black line. Bulk liquid

dispersion is from Pearce [24].

The bulk scattering measured here, the value of ∆0 was found to be slightly offset from the

accepted value. To account for this, the value plotted is the shift from ∆0, ∆0 - ∆(T ). This

method has been used previously in measurements of ∆ as a function of temperature [24,54].

The linewidths as a function of temperature are shown in Fig. 5.6, with both intrinsic

and observed results plotted. In all cases we have used the the bulk liquid scattering at

base temperature as the resolution function, and Q = 1.94Å
−1

. This Q is slightly different

from the bulk value of QR = 1.925Å
−1

, but is observed roton minimum Q in this data set.
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Figure 5.5: Shift in the roton minimum energy, ∆0 - ∆(T ), as a function of temperature.

The dotted line indicates the BPZ theory, with the confined liquid as red circles and the bulk

results of Pearce [24].

The dispersion minimum QR does not change much in this temperature range [24,30], and

the bulk liquid results presented for comparison [24] were also analyzed at a single Q across

temperature.
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Figure 5.6: Intrinsic (green) and observed (red) linewidths as a function of temperature. 

Bulk liquid BPZ curve is from Pearce [24].

5.3 DISCUSSION

The results of both ∆ and Γ are in agreement with the bulk liquid measurements, and BPZ 

temperature dependence. In this case, we have used the following parameters for the BPZ 

curve, from Pearce et al.:

R = 0.0603, PΓ = 41.6, P∆ = 24.72 (5.2)
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to produce the BPZ curve. That is, not only is the temperature dependence in agreement

with BPZ theory, but the parameters of the BPZ theory in confinement are also identical

to the bulk liquid parameters. This indicates that the same physical process, roton-roton

scattering, is responsible for the energy and lifetime in both the confined and the bulk

liquid.

Other previous studies of roton in small porous confinement are partially in agreement

with these results. Generally, measurements of ∆ agree with bulk liquid values across all

temperatures, while measurements of Γ only agree at temperatures above 1.2 K. Plots of ∆

and Γ for other porous materials are shown in Fig. 5.7. A general interpretation of these

previous results was given as the following [67]: a temperature independent component, dic-

tated by the length scale of the confining pores, adds in quadrature with the temperature

dependent BPZ behavior. When measured at low temperatures, the BPZ component will

be very small (approximately 0), and the temperature independent component dominates,

leading to the large linewidth at low temperatures. In the case of the MCM-41 measure-

ments particularly [69], a temperature dependence in agreement with BPZ was observed,

with a non-zero width at low temperatures. These previous measurements were performed

on chopper spectrometers, which have an order of magnitude larger resolution than the

BASIS instrument used here, and cannot easily observe the small intrinsic linewidths at

low temperatures.

A physical interpretation of the roton excitation involves the mean free path of the

roton. This is a useful property, as the mean free path presents a length which can be

compared to the pore size. The mean free path of the roton can be as

l =
1√

2nRσRR
(5.3)

where nR is the number of thermally activated rotons, and σRR is the roton-roton scattering
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Figure 5.7: Right: shift in the energy gap, ∆0 −∆(T ). Left: The intrinsic linewidths. In

both plots, the BPZ theory is given as a black dashed line, with current FSM-16 measure-

ments (red circles), previous FSM-16 measurements (open maroon triangle, 46.4 mmol/g

and maroon triangle, 43.0 mmol/g) [13], MCM-41 (green diamonds) [69], Vycor (orange

diamonds) [67], and bulk liquid measurements [24].

cross section, which is ≈ 0.07 nm2 [118]. The number of thermally activated rotons as a

function of temperature is

nR(T ) =
2Q2

R

h̄
(
µkBT

8π3
)1/2e

− ∆
kBT (5.4)

which scales with temperature as
√
Te−∆/kBT . In the high temperature regime, a large

number of thermally activated rotons exist and roton-roton scattering occurs often, leading

to a low mean free path. In the low temperature regime, relatively few thermally activated

rotons exist, and the roton mean free path is large with relatively rare roton-roton scattering.

At temperatures significantly below 1 K, this length approaches macroscopic length scales.

Even at 1.5 K, the mean free path of a roton is ≈ 460 nm, which is many times larger
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than the pore diameter of 2.8 nm. One would expect roton-pore scattering to dominate

at low temperatures, and lead to a temperature independent effect to be visible in these

measurements, if one existed.

One possible explanation for these observations lies with the first liquid layer, where layer

modes reside. The layer mode, as measured in this and several other porous materials, has a

parabolic dispersion similar to the bulk-like roton dispersion. The layer mode has a limited

range in Q, and has lower energies than the bulk roton, with a modified effective mass and

minimum Q. The bulk-like dispersion and the layer mode dispersion do not intersect, with

the layer mode dispersion always existing at lower energies. A path integral Monte Carlo

study of the liquid confined in Vycor found that the first liquid layer is highly localized [119],

and does not make quantum many-particle exchanges with other layers [120].

The layer mode and localized first liquid layer may form a barrier for the liquid residing in

the core, and only elastically interacts with the core liquid. This is similar to the well-known

Kapitza resistance in the bulk liquid, where kinematic constraints prevent phonons from

propagating from the bulk liquid into nearby solid containers. As the layer mode and bulk-

like mode dispersions never intersect, and an integer number of layer modes have much more

energy than a single roton, an inelastic collision between layer modes and a bulk-like roton

which conserves energy and momentum is not possible. This would extend a previous result

in MCM-41 [71], which examined the neutron scattering results at high Q and concluded

that the phonon-roton mode decays into two rotons, but does not decay into two layer

modes, and that the two modes (layer mode and roton) have relatively little interaction.

The layer mode-monolayer interaction is much different: the monolayer scattering is broad,

and covers nearly the entire range of observable S(Q,E). When a layer mode interacts

with the monolayer, it may do so by exchanging energy and momentum. This may explain

the broad and generally temperature independent nature of the layer mode: it has short
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lifetimes in a restricted space, and lifetimes are dominated by temperature-independent

interactions with the monolayer or porous media, and not roton-roton interactions.

5.4 CONCLUSIONS

This chapter details measurements of the roton linewidth and energy when confined in FSM-

16. Both the energy and linewidth are in agreement with bulk liquid measurements and the

BPZ theory. This includes both the temperature dependence and in the BPZ parameters

which characterize the roton-roton interaction. Therefore, the roton-roton interaction is

identical in confinement and the bulk. The measured dispersion of the layer mode and

bulk-like roton does not allow for a single roton to decay into layer modes, or any other

mode on the outside of the pore. Rotons propogate through the pores and only scatter

elastically from the layer mode, similar to how light propogates in an optical fiber.
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CHAPTER 6

EXCITATION SPECTRUM IN THE

CROSSOVER REGION IN FSM-16

The density and excitations of liquid helium are intimately related: as the excitation spec-

trum is the result of the liquid structure, a change in density is reflected by a change in the 

excitation spectrum. The excitation spectrum of bulk liquid helium has been extensively 

measured [24, 29, 30, 50, 51], and is much sharper (and therefore easier to measure) than 

other liquids which support collective excitations. In this chapter, inelastic neutron scatter-

ing measurements of the excitation spectrum will be presented, with two main goals. First, 

to explore the crossover region and determine how the confined liquid transitions from a 

thin-film to a bulk-like confined fluid. Second, to determine the density of the film as a 

function of pore filling, by comparison to the established bulk-liquid excitation spectrum at 

various densities. The results presented in this chapter have been published previously [124]. 

Previous studies, including in FSM-16, have observed behavior consistent with a reduced 

density of the confined helium relative to the bulk density. Given the known evolution of the 

excitation spectrum of the bulk liquid with density, one can measure the excitation spectrum 

in a porous material, find the corresponding bulk liquid curve, and assume the confined fluid 

has the same density as the bulk liquid. The narrow scattering of the roton and maxon
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at low temperatures, and its connection to the liquid density, allows one to measure the

density of the confined fluid to relatively high precision, as a function of adsorbed helium

and temperature.

Neutron scattering results previously measured are shown in Fig. 6.1 [13]. At low fillings,

no sharp excitations are present. At intermediate fillings, 34.4 < n < 37.7, an excitation

spectrum consistent with a low density thin film was present. In this regime, a density of ρ

= 0.12-0.14 g/cc was reported. This range of densities is a result of the maxon, roton, and

speed of sound corresponding to different bulk liquid density excitation spectra. At higher

fillings, 43.0 < n < 46.4, a spectrum identical to the bulk accompanied by a layer mode was

observed, with a bulk density of ρ = 0.145 g/cc. Two separate regions - a thin-film region

and bulk-like region - were observed, with no change in the dispersion within one region. A

crossover region, from 37.7 < n < 43.0 mmol/g was left unexplored.

In contrast, a series of intermediate stages with unique dispersions, monotonically in-

creasing with filling, was found in a similar porous material MCM-41 [15]. In this study,

only the phonon and maxon regions were reported. Above the monolayer filling, a series of

increasing maxon energies with increasing filling at low temperatures was observed. These

maxon energies, initially far below the bulk liquid, increased to the bulk value once the

pores were filled. Lower maxon energies in the bulk liquid correspond to low density liquid,

below the bulk density under SVP. Albergamo et. al proposed that the confined liquid

was displaying a low density excitation spectrum, and that the density increased towards

the bulk liquid density as additional helium was adsorbed inside the pores. That is, by

assumption the confined liquid is identical to the bulk liquid at a reduced density. These

results are summarized in Fig. 6.2.

To explore the crossover region, we performed a series of fillings from 38.0 to 43.0

mmol/g, at 350 mK, in 1 mmol/g increments [124]. The 43.0 mmol/g point is shared

85



Figure 6.1: The previously established temperature-filling results in FSM-16 [13]. At low

fillings, only broad and featureless scattering of the monolayer is present, shown as black

circles. At low temperature and intermediate filling, a phonon-roton curve consistent with

a low density liquid is present, with measurements indicated by red stars. At high fillings

and across all temperatures measured, the scattering was consistent with the bulk liquid

accompanied by a layer mode, with measurements indicated by dark red diamonds. The

yellow region indicates normal fluid, and the blue region indicates superfluid, according to

torsional oscillator measurements. Torsional oscillator results are shown as blue triangles

[61]. The measurements presented in this work, in the grey crossover region between the

bulk-like and thin-film regions, are indicated by the white circles.

between this measurement and the previous one [13]. The maxon and roton regions of

the excitation spectrum, and how they evolve with filling, and their relation to the liquid

density are of central interest. The bulk liquid maxon and roton are well understood across

a large range of density: the maxon energy increases with density, while the roton energy
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Figure 6.2: Maxon energy as a function of density, as reported by Albergamo in MCM-41. 

Using previous experimental [27, 29, 121, 122] and theoretical [32, 33, 123] results, a square 

and cubic fit of the maxon energy-liquid density relation was made, shown as a dotted and 

dashed line, respectively. Given the observed maxon energies and placing them on the cubic 

fit line, the density and pressure of the confined liquid was deduced.

decreases. Is the transition a sharp jump, as indicated by the lack of intermediate states in 

previous observations? Or do a series of intermediate density states exist, as suggested by 

previous MCM-41 measurements?

6.1 DATA ANALYSIS

An initial measurement of the monolayer, n1 = 21.9 mmol/g, was taken and used as back-

ground for all subsequent measurements. No superfluidity has been measured below 1.4n1 

at any temperature, consistent with our observations of a broad and flat scattering observed 

across a large range of momentum and energy transfers at monolayer filling. The raw data
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Figure 6.3: S(Q, E) for three fillings, from left to right: 38.0, 40.0, and 43.0 mmol/g.

All three plots share the same axes and logarithmic intensity scale. The bulk phonon-roton

dispersion is shown as a white dotted line.

was reduced into S(Q,E) using values of Ei and t0, the moderator emission time, in order

to place the elastic line at E = 0 and the roton minimum of the 43.0 mmol/g data at the

previously established value of ∆ = 0.743 meV.

The scattering for three fillings, 38.0, 40.0, and 43.0 mmol/g are shown in Fig. 6.3.

Across all fillings measured, a bulk-like phonon-roton spectrum is evident, with significant

layer mode scattering at energies below the bulk roton energy of 743 µeV. Most intense

scattering occurs at the roton minimum and in the adjacent regions, with less intense

scattering in the maxon region. As filling increases, scattering across the entire spectrum

increases, with a large increase in the roton and maxon regions and a modest increase in

the layer mode region.

Fitting of the spectra is split into two regions. The first, the low-Q region, ranges

0.8 < Q < 1.75Å
−1

and includes the maxon. The second region, from 1.75 < Q < 2.25Å
−1

,

covers the entire roton region. The phonon regime, below 0.8 Å
−1

, was too low in intensity

to analyze. Across both regions, a broad, low intensity Gaussian centered at high energy
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Figure 6.4: Background subtracted data and fits, plotted as a function of energy for Q =

1.2 Å
−1

. The bulk value is shown as a dotted line. Data and fits for 38.0, 40.0 and 43.0

mmol/g are shown in red, green, and blue, respectively.

(E > 1.5 meV) fits the multiphonon background. In the low Q region, a single Gaussian fit

was used, in 0.05 Å
−1

sized bins. Background subtracted data and single Gaussian fits are

shown in Fig. 6.4 for three fillings in the maxon region, at Q = 1.2Å
−1

.

The roton region requires two Gaussians to fit the data. The scattering intensity is much

greater in this region, and smaller bins of 0.025 Å
−1

were used as a result. In this region,

an asymmetric peak which includes both the layer mode and the bulk-like roton scattering
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overlap significantly. As a result, a one Gaussian fit was used for each mode. The broad

layer mode was previously fit to a Gaussian [13], while the bulk-like mode is typically fit

using a DHO or Lorentzian lineshape. However, previous measurements on BASIS (see 5)

demonstrated an extremely narrow linewidth at low temperature, on the order of a few µeV.

Given the instrumental resolution of ≈ 50µeV on CNCS, the narrow intrinsic linewidth is

effectively a δ-function, and the observed scattering is resolution limited. The resolution of

CNCS is given by a Gaussian function, which was therefore used in this work to represent

the bulk-like component as well.

Background subtracted data and two Gaussian fits are shown in Fig. 6.5 for three fillings

near the roton minimum, Q = 1.95Å
−1

. In this dataset the background also includes the

so-called ghost roton. The roton minimum scatters strongly, and as a result contributes to

a measureable multiple scattering process. The most likely scattering is elastic, with the

second most likely inelastic in the roton region. Therefore, one common form of multiple

scattering involves one roton event and one elastic scattering event. The measured neutron

shows up at a later time corresponding to the roton energy, but at a different angle than

a single roton scattering event. This leads to the ghost roton: scattering at the roton

minimum energy, across a wide range of Q. A fit with a common intensity, width, and

energy was fit to the ghost roton across a wide range of Q then subtracted from the data

as an additional source of background.

The peak centers as a function of Q were plotted to form the observed excitation spec-

trum, shown in Fig. 6.6. Across all fillings, a maxon and roton region are clearly visible, but

not the phonon region. At low fillings, the dispersion is lower energy than the bulk in both

the maxon and roton region. As filling increases, both regions approach bulk values, and

the highest filling data is in agreement with the bulk dispersion. The layer modes increases

in energy as filling increases, and develop a more parabolic shape at higher fillings. This
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Figure 6.5: Background subtracted data and fits, plotted as a function of energy in the roton

region, Q = 1.95 Å
−1

. The bulk value is shown as a dotted line. Data and fits for 38.0,

40.0 and 43.0 mmol/g are shown in red, green, and blue, respectively.

layer mode behavior is consistent with previous layer mode measurements at 37.7 and 43.0

mmol/g [13] in FSM-16.

6.2 RESULTS

The collective excitations in the maxon region form an inverted parabola of the form E =

Em − h̄2(Q − Qmax)2/2µ, with the maxon energy Em and the maxon peak Q, Qmax across 
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Figure 6.6: Bulk-like dispersion for all fillings measured, with a bulk liquid dispersion for

comparison. Each dispersion is offset by 0.15 meV and 0.05 Å
−1

. The layer mode has been

removed for clarity.

a range of 0.8 < Q < 1.75Å
−1

. The results of a fit to the excitation spectrum are shown

in Fig. 6.7. The maxon energies at the lowest fillings studied are well below the bulk

value. As the filling increases, the maxon energy increases and reaches the bulk value at

the highest filling studied. The lowest maxon energy measured here (38.0 mmol/g filling)

is considerably larger than the previous measurements in the thin-film region (37.7 mmol/g

filling), outside of the crossover region [13]. The origin of this discrepancy is not clear, but
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Figure 6.7: Maxon parameters, Qmax and energy, plotted as a function of filling. The bulk

liquid maxon energy is shown as a black dotted line. Measurements from Prisk [13] are

shown as open circles, with current measurements shown as filled circles.

in the low filling region the maxon changes rapidly with filling.

The collective excitations in the roton region were fit to the Landau dispersion, E =

∆ + h̄2(Q − QR)2/2µ, with energy gap at the minimum ∆, location of the minimum in

Q, QR, and the effective mass µ. The three Landau dispersion parameters are shown as

a function of filling in Fig. 6.8. The effective mass µ, decreases monotonically from the

thin-film value to the previously measured full pore value, which is substantially higher
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Figure 6.8: Landau dispersion parameters as a function of filling. The bulk values of ∆ and

QR are shown as a dashed line. Measurements from Prisk [13] are shown as open circles,

with current measurements shown as filled circles.

than the bulk value. The roton minimum Q, QR, is in agreement with bulk values at all

fillings but one. ∆, the roton energy gap, is below the bulk value at low fillings. Initially ∆

decreases, then approaches the bulk value from below as filling increases.

The effective vibrational density of states G(E), offer a model-independent method to
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view the results. With inelastic neutron scattering data, G(E) is related to S(Q, E) by

G(Q,E) = Ee2W 2m

h̄2Q2

S(Q,E)

(1 + n(E, T ))
(6.1)

G(E) =
1

Q2 −Q1

∫ Q2

Q1

G(Q,E)dQ (6.2)

with n(E, T) Bose occupation factor, W Debye-Waller factor 〈Q · u2〉 for mean-squared

displacement u, and m is the 4He mass. In this data set, a range of 0.5 < Q < 2.05 was

used to include the maxon and roton minimum, but not spurious edges of the measured S(Q,

2
E). A value of 1 Å was used as the Debye-Waller factor, which is approximately the value in 

hexagonal close-packed solid helium [125], as was done previously for this analysis [13], with 

a temperature of 350 mK. A bulk-liquid data set with appropriate peak centers, intensities, 

and widths [51] was used to calculate the bulk values of G(E) over an identical range as the 

confined liquid.

The results for 38.0, 40.0, and 43.0 mmol/g are shown in Fig. 6.9. At low energies, the 

layer mode contributions are approximately equal across all fillings, reflecting the relatively 

small changes in the layer mode throughout the filling ranges studied here. The most 

intense first peak, at approximately the roton minimum value of 0.75 meV, is lower than 

the bulk value at low fillings and increases to the bulk value at the highest filling. The 

maxon scattering, above 1.0 meV, also increases and shifts to higher energy. At the highest 

energy, the multi-phonon scattering increases in intensity slightly with filling, but does not 

change significantly in shape.

6.3 DISCUSSION

A previous measurement by Albergamo et. al of the phonon and maxon regions in a similar 

porous material, MCM-41, also found reduced maxon energy at partial pore filling [15, 80].

95



Figure 6.9: The effective density of states, G(E). The bulk liquid calculation is shown as

a black line, with the blue dotted line marking the center of the roton peak. Labels for the

phonon, roton, maxon, and multiphonon regions correspond to regions where these excita-

tions contribute to the intensity of G(E).

In that work, a reduced maxon energy and reduced speed of sound were observed, which

monotonically increased towards the bulk liquid value as filling approached the full pore

filling. They proposed that the confined liquid was simply a bulk liquid at negative pressure,

and used the maxon energy to extract the density. They used the measured and calculated

values of the maxon energy in the bulk liquid, across a large range in density, to generate a

simple cubic relationship between the maxon energy and liquid density. Negative pressure

liquids are in a state metastable against cavitation, and are stable above the spinodal

decomposition pressure of approximately -9 bar in helium. The reduced maxon energies in
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MCM-41 were then interpreted as a low density, negative pressure liquid.

The set of maxon energies measured in this work have been used to determine the

density of the confined liquid following the same method Albergamo et al. previously

applied to MCM-41, described above. In the maxon region alone, we find an increasing

energy with filling, in agreement with Albergamo et al. However, Albergamo et. al did

not report values of the roton. Under the assumption that the confined liquid is simply a

bulk liquid at negative pressure, the roton energy should follow the same smooth behavior

as the maxon. We can then compare how the roton energy varies as a function of density,

shown in Fig. 6.10. Near the bulk density of 0.0218 Å
−3

, the measured roton energy and

inferred density are in agreement with the general trend. As density decreases, the roton

energy initially decreases, then at the lowest values the roton energy begins to increase.

A substantial difference between the confined roton behavior and the bulk-like trend are

evident across nearly all densities measured.

This comparison is predicated upon the assumption that the confined liquid behaves as

the bulk liquid at a modified density. That is, in the bulk liquid the excitation spectrum

has a known dependence on density. By measuring one region of the excitation spectrum,

in this case the maxon region, the density of the liquid could be deduced, if one assumes

the confined liquid is identical to the bulk liquid at a reduced density. However, the figure

above compares the inferred density with another region of the spectrum, the roton region.

If it were true that the confined liquid is equivalent to the bulk at a modified density, one

would expect the roton region to be exactly in agreement with the bulk curve. However,

this is not the case - the confined roton energies not only disagree with the bulk values, but

they also change non-monotonically with density. Therefore, the confined liquid excitation

spectrum is not simply the bulk liquid excitation spectrum at a modified density.

Another approach is to consider the maxon and roton energies as independent indicators
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Figure 6.10: Roton energy as a function of density. The low density black hexagons are from

DFT calculations [33]. The high density points are high pressure measurements of the bulk,

with yellow circles from Gibbs [29], purple squares from Stirling [31], and orange diamonds

from Dietrich [30]. The green dotted line is a fit to the bulk liquid roton energy-density

relation, discussed below. Current measurements are shown as red circles, with previous

measurements in this system from Prisk [13] shown as open red circles.

of density. A plot of the maxon and roton dependence on density in the bulk liquid is

shown to the left in Fig. 6.11. As density increases, the maxon energy increases and

the roton energy decreases. Measurements at high pressure and theoretical calculations

of the liquid under negative pressure provide a wide range of densities, with a smooth

behavior. The roton-density and maxon-density relation can be fit as a simple function,

E = E0 +B(ρ+ ρ0)3. For the roton, ρ0 = 0, E0 = 0.924 meV, and B = -16800 meV Å
−3

.
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Figure 6.11: Maxon and roton energy as a function of density. Previous MCM-41 measure-

ments of Albergamo et. al (red diamonds), and the cubic fit to the maxon energy (black

dotted line) as a function of density also from that work. Bulk liquid maxon energies from

previous measurements include neutron scattering data from Gibbs (green circle) [29], and

Graf (black diamonds) [122]. Theoretical calculations of the low density liquid are the DFT

results of the maxon (white hexagons) and roton (black hexagons) [33], and the PIMC re-

sults of the maxon energies (white triangles) and roton energies (black triangles) [32]. Bulk

liquid roton measurements are included from Gibbs (yellow squares) [29], Dietrich (orange

diamonds) [30], and Stirling (purple squares) [31]. A simple fit for the maxon and roton is

shown as blue and dotted line, respectively.

For the maxon, ρ0 = -0.358 Å
3
, E0 = 1.35 meV, and B = -59300 meV Å

−3

The measured roton and maxon energies in confinement, as they evolve with filling,
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can be used as independent indicators of the liquid density. That is, given a roton energy

of the confined liquid, the corresponding known density of the bulk liquid which supports

that roton energy can be determined, which will be referred to as the inferred density. The

inferred density as a function of filling is shown to the right in Fig. 6.12 for the maxon

and roton. The maxon-density and roton-density relations, established from the bulk liquid

values, was used. At low fillings, a large difference exists between the inferred density of

the maxon and roton. As density increases, the maxon monotonically increases towards the

bulk value. The roton displays a more complicated behavior. Initially the roton increases,

and then decreases towards the bulk value. At the highest fillings, both the maxon and

roton are generally in agreement with each other, and in agreement with the bulk density

at SVP.

If the confined liquid is identical to the bulk liquid, but at a lower density, one would

expect the maxon and roton to indicate the same (reduced) density. However, as evident

in Fig. 6.12, this is not the case. The confined liquid excitation spectrum is only identical

to a bulk liquid spectrum at the highest fillings. At lower filling, the maxon and roton

energies correspond to two different bulk liquid spectra. The spectrum measured at these

fillings does not correspond to a single bulk liquid spectrum at negative, low, or high

pressure. Therefore, the assumption that the confined liquid is identical to the bulk liquid

at a modified density cannot be true.

Some theoretical predictions involve the maxon maximum Q, Qmax, which varies with

liquid density [33]. This behavior is not observed in the confined liquid, as Qmax does

not vary significantly with filling in these measurements. This is also true for the roton

minimum Q, QR, which should vary with density as the quantity QRρ
1/3 is constant in the

bulk liquid. The observed values of QR are in agreement with the bulk value across all

fillings measured here, except one.
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Figure 6.12: Inferred density as a function of filling, from the measured roton and maxon

energy and the energy-density relation shown in the previous figure. The estimated first

liquid layer completion is marked as nf with a vertical line. The maxon inferred density is 

shown in red, with the roton inferred density in black. Previous results from Prisk [13] are

shown as open points.

6.4 CONCLUSIONS

Measurements of the collective excitations in FSM-16 at intermediate fillings, from 38.0 to

43.0 mmol/g, are reported in this chapter. This was previously established as the crossover

region, between a thin-film regime and a bulk-like regime, established previously. The

maxon energy increases monotincally with filling, and shows no dependence on Q. The

roton energy first decreases, then increases to the bulk value from below. As independent

parameters which indicate a density, the maxon and roton are not in agreement with a
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single bulk liquid spectrum. As a result, the maxon or roton cannot be used alone to infer

the density from the confined liquid, as was done previously. Instead, confinement modifies

the collective excitations to be different from the bulk liquid at any density.
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CHAPTER 7

DEEP INELASTIC NEUTRON

SCATTERING IN FSM-16

Relatively few measurements exist of the momentum distribution of confined helium. Some 

previous work in larger pore systems has found the condensate and momentum distribution 

similar to the bulk liquid [95, 96]. Other work has found serious departures from the bulk 

liquid, with an enhanced kinetic energy dependent upon pore size [14]. Detailed theoretical 

work predicted a specific high-Y scattering in the thin film case, but it was not conclusively 

found in MCM-41 [99]. With FSM-16, the phase diagram has been established with neutron 

scattering, heat capacity, and torsional oscillator measurements. Therefore, new measure-

ments can be made of the thin-film case in a well understood system with properties that 

deviate from typical full-pore measurements of the past.

Deep inelastic neutron scattering measurements of helium confined in FSM-16 will be 

presented in this chapter. The motivation for these studies was to search for any features 

unique to a two-dimensional film. We also compare the full pore results to the bulk liquid, 

to study the effects of confinement. With a small pore size, it is not clear if the liquid will 

be bulk-like, as in Aerogel or Vycor, or if it will see a substantial change in average kinetic 

energy, as in other small pore systems. Previous results of the bulk liquid measured on
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ARCS [112] can be used for comparison.

Long counting times to measure the entire Compton profile were required in this mea-

surement, and as a result relatively few experimental conditions are measured. The mono-

layer filling n1 = 21.9 mmol/g, approximately the first liquid layer completion nf = 36.3 

mmol/g, and full pore nfull = 43.0 mmol/g were studied, with the latter two fillings being 

measured at base temperature (350 mK) and high temperature, 2.1 K. Throughout this 

analysis, the monolayer filling will be used as a background measurement.

7.1 DATA ANALYSIS

Fig. 7.1 shows S(Q, E) and J(Y), as measured on ARCS. On the left, a plot of S(Q, E)

shows the recoil peak, which is visible up to nearly 30 Å
−1

. The Compton profile J(Y )

appears on the right, for the Q = [25, 26] Å
−1

cut. The recoil line is sufficiently far away

from any sample environment or FSM-16 background scattering at this Q value. A single

non-Gaussian peak, centered around Y = 0 is present, with no spurious features. The

instrumental resolution FWHM is approximately 0.6 Å
−1

, much less than the scattering

FWHM of 2.5 Å
−1

. These attributes are common across all Q analyzed here, from 22 to 28

Å
−1

.

A simple approach to extract the average single-particle kinetic energy, 〈EK〉, is to

fit J(Y) to a sum of two Gaussians. A classical momentum distribution can be fit to

one Gaussian, but the quantum mechanical effects in liquid helium require two. The first

moment of S(Q, E) is required to be zero by the first moment sum rule. A common center,

Yc, is used to account for small offsets in the instrument calibration, and is typically on the

order of 0.1 Å
−1

. Deviations from the impulse approximation at low-Q could also account

for a small offset in the center at low Q [126, 127], but no systematic variation of Yc is

apparent in this data set. With two areas, A1 and A2, and two widths σ1 and σ2, 〈EK〉 can
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Figure 7.1: Left: Intensity as a function of Q and E, with monolayer scattering subtracted.

The recoil line of 4He is visible, along with some background scattering of heavier elements

at low E. The aberration near 20 to 25 Å
−1

is an artifact common in all ARCS data,

from a small gap in detector coverage. Right: J(Y) for a particular Q value. Instrumental

resolution at this value is shown as a dotted line, and scaled to have the same maximum

intensity as the data. Normalization has not been applied to this data.

be written as

〈EK〉 =
3h̄2

2m

A1σ
2
1 +A2σ

2
2

A1 +A2
(7.1)

A flat background of the form J(Y ) = aY + b is also applied. The entire fit function

is then convoluted with instrumental resolution, and fit to the data. As final state effects

are required to have a second moment of zero, they do not contribute to 〈EK〉, and a final

state effect theory is not required. A typical two Gaussian fit to the data is shown in Fig.

7.2. Typical values of χ2 are close to one, and the background parameters a and b do not
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Figure 7.2: Data and fits for a typical Q-value. The total fit, including instrumental res-

olution, is shown in blue. The two individual Gaussian components are shown as a red

and green line, with the flat background shown as a black line. The instrumental resolution

function is shown as a dotted line, and has been scaled to have the same maximum intensity

as the scattering data.

vary significantly with Q.
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7.2 RESULTS AND DISCUSSION

Fit results for the value of 〈EK〉 are shown in Fig. 7.3 for a single experimental condition,

−1
T = 350 mK and n = 36.3 mmol/g. With 1 Å wide cuts, the data was fit over a range

of 22 < Q < 28Å
−1

. The resulting set of 〈EK〉 for each Q-value was then used to find a

weighted average value, denoted by the dashed line. The relatively large error, and variation

of the error, is the result of the small number of points across the entire recoil line being 

unable to strongly determine the four free parameters involved in the total fit function.

Past measurements on ARCS of the bulk liquid also reported similar variations in error 

bars, but to a much smaller extent [112]. The overall signal in the bulk liquid case is much 

higher, leading to the smaller error, but with similar variations to the ones shown here.

In all cases of 36.3 and 43.0 mmol/g data, the monolayer scattering data was used as

a background. When analyzing monolayer data, no background is used, but non-helium

scattering is fit. There is little variation near the recoil scattering at high Q, and a smooth 

function can fit all non-recoil scattering. The monolayer recoil scattering can be fit with a 

single Gaussian function. This is in contrast to the liquid, which requires a two Gaussian fit

even in the normal liquid phase [93], a reflection of the quantum nature of the momentum 

distribution. The monolayer is composed of solid helium adsorbed to the amorphous silica 

directly, and as a result a momentum distribution can be fit by a single Gaussian. To

illustrate this, a log plot of J(Y) vs sign(Y) Y2 is shown in Fig. 7.4.

The 〈EK〉 results for all measurements are summarized in Table I. There is no mea-

sureable difference between the high and low filling, or high and low temperature results

within error. Across all measurements, the kinetic energy is significantly enhanced beyond 

the bulk value of 16.0 K in the normal fluid and 14.2 K in the superfluid [10,128,129]. The

relatively large error of ≈ 2.25 K is larger than the total change in the bulk liquid value as 

it transitions from normal to superfluid.
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Figure 7.3: Data and fits for a typical Q-value. The total fit, including instrumental res-

olution, is shown in blue. The two individual Gaussian components are shown as a red

and green line, with the flat background shown as a black line. The instrumental resolution

function is shown as a dotted line, and has been scaled to have the same maximum intensity

as the scattering data.

Several approaches for analyzing the momentum distribution, n(k), exist for the bulk

liquid. These have relied on a final state effect function, which takes into account interaction

of a recoiling helium atom, after a neutron scattering event, with the surrounding liquid

environment. Therefore, the final state effects depend greatly on the structure of the liquid,
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Figure 7.4: The Compton profile as measured for 21.9 (left) and 43.0 mmol/g (right). The

total fit is shown as a red curve, with each Gaussian shown as a dotted line in the case of

the 43.0 mmol/g fit. The bottom panel show a more narrow scale of the top panel.

and in this case, the non-liquid environment of some helium atoms. In this small pore

system, these effects are significant as more than half the atoms in the system occupy the

(likely solid) monolayer. The interaction of a recoiling helium atom with a solid helium

atom occupying the monolayer, or the recoiling atom exiting the liquid itself, is unclear.

Furthermore, the density of the liquid and the related g(r) play a large role in final state
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Temperature (K) 36.3 mmol/g 43.0 mmol/g 21.9 mmol/g

0.350 25.51 ± 2.53 K 23.44 ± 1.60 K

2.10 23.81 ± 2.18 K 24.27 ± 2.20 K 25.21 ± 2.78 K

Table 7.1: 〈EK〉 as calculated from the two Gaussian fit, with the monolayer 〈EK〉 calculated

with a one Gaussian fit.

effects [130], and both are significantly different from bulk values in the thin-film filling.

Only a simple direct comparison of the confined liquid with bulk 4He and 3He will be made

here, shown in Fig. 7.5.

Confinement has a strong amplifying effect on the kinetic energy and overall momentum

distribution of the liquid. Measurements in the bulk liquid find kinetic energies of a liquid

with 0.031-0.032 Å
−3

density comparable to the values found here [93,131,132], much higher

−3
than the bulk liquid density 0.0218 Å . These results are in general agreement with the 

excitation spectrum measurements: the confined liquid is not simply the bulk liquid at a

modified density, but other properties are significantly altered. In this case, the 〈EK〉 of the 

confined liquid is much higher than one would expect, given the liquid density is comparable

to the bulk liquid or lower.

7.3 CONCLUSIONS

The deep inelastic neutron scattering from the liquid at two fillings, 36.3 and 43.0 mmol/g, 

and two temperatures, 350 mK and 2.10 K, are reported in this chapter. Data for the 

four total experimental conditions show no dependence on filling or temperature. A two 

Gaussian fit and resulting kinetic energy shows an enhanced value, much higher than the 

bulk liquid. The monolayer can be fit with a single Gaussian. The Bose-Einstein Condensate 

fraction could not be extracted without a detailed theory of final state effects.
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Figure 7.5: Normalized data for the confined liquid, and bulk 4He [112] for comparison.

The confined liquid is much broader, and lower intensity near Y = 0.
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CHAPTER 8

OPEN QUESTIONS AND CONCLUSION

8.1 CONCLUSION

The results of three inelastic neutron scattering experiments in a small pore system are 

reported in this thesis. A silica based material with cylindrical pores 2.8 nm in diameter, 

FSM-16, has been the confining media in all three experiments. Sample characterization, 

reported at the end of chapter 4, show a 1014 m2/g with a narrow pore size distribution 

centered on 2.8 nm, with a FWHM of 2 Å. Approximate monolayer filling occurs at n1 = 

21.9 mmol/g, with approximate full pore at 47.0 mmol/g. Thermodynamic and torsional 

oscillator studies have been carried out across a wide range of temperatures and fillings, 

which established a phase diagram that was further explored with an inelastic neutron 

scattering experiment.

In the previous inelastic experiment of helium confined in FSM-16, a temperature-filling 

phase diagram was explored. In the low filling regime, a number of observations were made 

that are consistent with thin-film behavior. Relative to bulk liquid values, a reduced maxon 

energy, an enhanced roton energy, a reduced roton minimum QR, and a reduced speed of
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sound were all observed consistent with a low density thin-film. At higher fillings, all of

these quantities were in agreement with bulk liquid values indicating a three dimensional

confined fluid with a density identical to the bulk liquid density under SVP. An increased

roton linewidth, indicative of a shorter excitation lifetime, was also observed.

This work has attempted to answer three fundamental questions posed by that initial

inelastic experiment. First, higher resolution measurements of the roton linewidth at full

pore filling were performed to understand the temperature dependence of the excitation

lifetimes, and more precisely measure the linewidth at low temperatures. Second, a gap in

the initial phase diagram, the crossover region, was explored to determine how the thin-

film transitions into a bulk-like confined liquid. Third, deep inelastic neutron scattering

measurements of the thin-film and bulk liquid were performed, to observe any signs of two-

dimensional behavior in the momentum distribution as well as the effects of confinement

on the three dimensional liquid.

Measurements of the roton linewidth were performed at full pore filling, across a temper-

ature range of 0.35 to 1.5 K. Using the backscattering technique, with an order of magnitude

higher resolution, the confined linewidth was identical to the bulk liquid and in agreement

with BPZ theory. Both BPZ parameters and temperature dependence agree with bulk liq-

uid measurements at all temperatures measured. Given the bulk-like modes propagating in

the core liquid, and layer modes in the outer most liquid layer, one possible explanation for

this behavior is that the layer mode works to effectively shield the core liquid. Similar to

Kapitza resistance in the bulk liquid, within momentum and energy conservation it is not

possible for a bulk-like roton to excite the layer mode(s), leaving the core rotons to scatter

only elastically from the liquid layer that contains layer modes. The monolayer supports

a broad range of excitations in both energy and momentum, allowing the layer modes to

scatter inelastically with the solid monolayer.
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The transition of the thin-film to the bulk-like liquid was probed directly. By measuring 

six fillings, from 38.0 mmol/g to 43.0 mmol/g, the crossover region was explored. The maxon 

excitation revealed a series of intermediate stages, and the maxon monotonically increased 

in energy. This behavior is consistent with the confined helium steadily increasing in density, 

as previously observed in other materials. The roton displayed a more complicated behavior, 

initially decreasing in energy and then increasing towards the bulk value from below. This 

indicates a film density higher than the bulk density under SVP, in direct contradiction 

with the measured maxon energies. As a result, one cannot simply assume the confined 

liquid excitation spectrum corresponds to a bulk liquid spectrum at a modified density (as 

was done previously): a more complicated behavior is present, as the observed spectra do 

not correspond to a bulk spectrum at negative, low, or high pressure.

A deep inelastic neutron scattering experiment was performed at high and low temper-

ature, on thin-film nf = 36.3 and full pore n = 43.0 mmol/g fillings. The average single 

particle kinetic energy was enhanced far above the bulk liquid value, approximately 24 K at 

all conditions measured. The Compton profile is much wider than previous measurements 

of the bulk liquid. Without a clear final state effect theory, detailed values of the momentum 

distribution and condensate fraction were not obtained from these measurements. These

results are consistent with previous findings of an enhanced 〈EK〉 in small porous systems, 

but no dependence on filling or temperature was observed within the rather large error of

±2 K.

8.2 FURTHER QUESTIONS

The work presented in this dissertation draws on an extensive history of neutron scattering 

of bulk and confined liquid helium, but many open questions remain. A few questions 

directly tied to this work will be briefly discussed here.
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A number of other methods exist to measure the density of the confined fluid, which

could be applied in the crossover region. Previous measurements of the thin-film, as well

as the measurements reported here, suggest a liquid structure which is observably different

from the bulk liquid. A neutron diffraction experiment which observes the structure directly

could address two questions. First, is the density at low fillings reduced, as indicated by the

thin-film inelastic scattering? Second, is the density in the crossover region in agreement

with the density indicated by the maxon, roton, or a third value? Substantial silica and

helium-silica scattering, which is not observed in the inelastic measurements, may pose a

problem to a diffraction experiment. A direct measurement of the liquid structure factor

S(Q) could provide insight with respect to the density of the confined liquid at fillings

between ≈33 and ≈42 mmol/g.

While 2.8 nm FSM-16 pores were employed here, smaller pores as low as 1.8 nm have

been studied. If the layer mode exists in the first liquid layer, a small enough pore system

may provide an effectively one-dimensional system that displays Luttinger Liquid (LL)

properties, which has been observed in thermodynamic measurements of 3He in small pores

[3]. The bulk-like linewidths measured here suggest that the inner core liquid behavior is

not significantly modified by confinement, with the first liquid layer and layer modes acting

as an effective barrier between the core liquid and silica walls. A direct measurement of

the excitation spectrum, which is very different from the phonon-roton spectrum, is feasible

given current neutron scattering instruments and sample environment setups used in this

work. Detailed predictions of both the dynamic structure factor [133] and one-body density

matrix [134] are available, which can be compared directly with experimental results.

The linewidth measurements reported here imply that the core liquid rotons can only

scatter elastically from the layer mode excitations, which leads to bulk excitation lifetimes.

This interpretation can be tested with future measurements. The layer mode energy depends
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on substrate physisorption potential strength [74], which can be altered by pre-plating the

pores with Ar, Ne, 3He, or H2. By altering the layer mode dispersion, one may be able to

construct a system which supports layer modes that can inelastically scatter the core liquid

rotons, and the resulting linewidth should deviate from the bulk liquid behavior.
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