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USE OF ULTRACOLD NEUTRONS FOR 
CONDENSED-MATTER STUDIES 

And& Michaudon 

ABSTRACT 

Ultracold neutrons have such low velocities that they are reflected 
by most materials at all incident angles and can be stored in material 
bottles for long periods of time during which their intrinsic properties 
can be studied in great detail. These features have been mainly used 
for fundamental-physics studies including the detection of a possible 
neutron electric dipole moment and the precise determination of 
neutron-decay properties. Ultracold neutrons can also play a role in 
condensed-matter studies with the help of high-resolution spectrom- 
eters that use gravity as a strongly dispersive medium for low-velocity 
neutrons. Such studies have so far been limited by the low intensity of 
existing ultracold-neutron sources but could be reconsidered with 
more intense sources, which are now envisaged. This report provides 
a broad survey of the properties of ultracold neutrons (including 
their reflectivity by different types of samples), of ultracold-neutron 
spectrometers that are compared with other high-resolution 
instruments, of results obtained in the field of condensed matter 
with these instruments, and of neutron microscopes. All these 
subjects are illustrated by numerous examples. 

I. INTRODUCTION 

Ultracold neutrons (UCNs) are neutrons of extremely low velocities (below about 
6 d s )  that have special properties of great interest in many fundamental-physics studies. 
Although UCNs have been produced with increasing intensities over the last decades, 
UCN sources still remain extremely weak compared with sources of higher-energy neu- 
trons. In spite of these low intensities, UCNs have always played an important role in 
fundamental-physics measurements, including those of the neutron lifetime and electric 
dipole moment. To a lesser extent, UCNs have also been used in condensed-matter studies, 
including those of surfaces, magnetic and nonmagnetic films, and slow motions of macro- 
molecules, because UCN reflectivity can be measured with extremely high resolution. 



Studies of the reflection of UCNs by surfaces also proved to be of great practical impor- 
tance in understanding and reducing the losses in UCN storage, which itself plays a crucial 
role in fundamental-physics studies. The special properties of UCNs are also used in 
neutron microscopes. 

Condensed-matter studies with UCNs have so far been seriously hampered by the current 
low intensity of UCN sources. These studies could be reconsidered with new UCN sources 
that could be more intense than existing sources by one or two orders of magnitude. Before 
examining the future of condensed-matter studies with more intense UCN sources, which is 
the main goal of this paper, some basic properties of UCNs are recalled in Sec. 11. Because 
of the interest of UCN reflectivity, some fundamentals of neutron reflectivity are recalled 
in Sec. 111. Quasi-elastic neutron scattering, which could greatly benefit from new UCN 
instruments, is discussed in Sec. IV. Two existing UCN instruments already used in con- 
densed-matter studies are described in Sec. V. Experimental results obtained with neutron 
reflectometers, with special emphasis on those obtained with UCN instruments, are given 
in Sec. VI. Comparison of UCN instruments with other neutron instruments is made in 
Sec. VII, which also describes the other neutron instruments. The principle and the uses of 
neutron microscopes are described in Sec. VIII. Finally, conclusions are drawn in Sec. IX. 

11. BASIC PROPERTIES OF ULTRACOLD NEUTRONS 

Slow neutrons are called UCNs when their velocity is below a critical velocity v, with 
the consequence that they are totally reflected by materials at all incident angles. This 
velocity depends on the nature of the material. For example, v, is equal to 6.9 m / s  for 
nickel and to 3.2 m / s  for aluminum. Total reflection of UCNs comes from the coherent 
constructive interference of neutron waves elastically scattered by the nuclei in the sample 
and averaged over a great number of nuclei because of the very long wavelength of UCNs. 
Under these conditions, the sample behaves as a global effective potential (the Fermi 
potential) of height U,,, equal to: 

where m is the neutron mass, N is the number of nuclei per unit volume, and bcoh is the 
bound coherent scattering length. When bcoh is positive, which is the case for most nuclei, 
the effective potential is repulsive. For the few cases in which bcoh is negative, the effective 
potential is negative, and total reflection then occurs at the separation surface from within 
the sample. The height of the potential U,,, is 252 neV for nickel and 54 neV for alumi- 
num. Equation (1) applies to nonmagnetic samples. The UCN potential for magnetic mate- 
rials is discussed later in the text. Because the critical velocities and UCN potentials vary 
from one material to the other, neutrons that are UCNs for some materials may be above 
UCN energies for others. The neutron energy also varies with the earth’s gravitational 
field; therefore, neutrons can be UCNs at some locations but not at others. In this report, 
the term UCN is broadly used for neutrons with energies in the UCN domain, i.e., a few 
tenths of a peV. 
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At UCN energies, the neutron-wave properties can be treated with concepts and methods 
developed for optics. For neutrons, the index of refraction n of a medium is given by the 
following formula: 

n 2 = 1 - 5 ,  
with 

In this expression, k, E, h, and h, are the wave number, energy, wavelength, and critical 
wavelength of the neutron, respectively, and p is the material density. The critical wave- 
length is given by the following formula: 

where k, is the critical wave number. The critical wavelength can be as long as 560 A 
(for nickel). For UCNs, wavelengths are longer than h,, and the index of refraction given 
by Eqs. (2) and (3) is therefore imaginary, which is the reason for total UCN reflection. 

Above UCN energies, total reflection can also occur for neutrons with incident angles 
(relative to the surface of the sample) smaller than the critical angle 8, for which the 
z-component k,, (along the normal to the surface) of the neutron wave vector is equal to 
the critical wave number k,. In such a case 

sine,---- -kc- 3L . 
hc 

For cold neutrons of wavelength 10 A, the critical angle on nickel is as small as 

UCNs are very sensitive to the earth's gravitational field. A 1-m change in height causes 
1.8 x radian. 

a change of 100 neV in the neutron potential energy, which is of the same order of magni- 
tude as UCN kinetic energies. UCN trajectories are therefore strongly affected by gravity, 
which acts as a strongly dispersive medium for UCNs. The influence of gravity on the 
motion of UCNs is exploited in UCN instruments (see Sec. V). 

UCNs can be easily polarized with a high polarization using transmission through thin 
magnetized iron foils. For magnetized materials, the UCN potential has to take into account 
the interaction of the neutron magnetic moment & with the magnetic induction B in the 
sample: 

The UCN potential then takes one of the two following extreme values, depending on 
whether ~1 is antiparallel or parallel to B: 

respectively. 



In the energy range U- c E e U, (or E c U,, if U- is negative), only neutrons with their 
spin antiparallel to B are transmitted through a thin magnetized iron foil, whereas neutrons 
with their spin parallel to B are simply reflected. Because UCN energies are comparable 
with the magnetic energy pnB in saturated ferromagnets, UCNs can be polarized through 
their interaction with ferromagnets. For example, neutron beams with a polarization as high 
as 95%-98% in the velocity range 4.15 m / s  < v < 8.2 m / s  have thus been obtained (Herdin 
et al. 1978). Polarized UCNs can be used in the study of magnetic surfaces. 

In spite of great progress in UCN production during these last decades, UCN sources are 
still much weaker than sources of higher-energy neutrons. The most intense source of 
UCNs is located at the Institut Laue-Langevin (ILL), which is equipped with a high-flux 
research reactor. Neutrons produced in this reactor are first thermalized in a cold source of 
liquid deuterium (T = 23 K) and then extracted with a vertical neutron guide before being 
decelerated to UCM energies by Doppler shifting in a neutron turbine. UCN densities of 
about 50 UCN/cm3 are thus obtained and stored in a vessel located at the exit of the 
neutron turbine. The flux at the exit of the neutron turbine is 6 x lo3 cm-2s-1 over an area 
of 8 cm x 15 cm for UCN velocities below 6.2 cm/s (Steyerl 1975, Steyerl et al. 1986). 
UCN densities higher by one or two orders of magnitude could be expected with the fro- 
zen-deuterium technique used with a 1 -MW spallation-neutron source, which is proposed 
by the Los Alamos National Laboratory. Another promising technique is the production of 
UCNs inside a superfluid-helium bath, where UCN densities higher than existing ones by 
several orders of magnitude are expected with a 1 -MW spallation-neutron source (Golub 
and Lamoreaux 1994, Lamoreaux 1995a). UCNs could be used either within the He bath 
itself for fundamental-physics studies or externally by means of a leak through a hole in the 
wall of the liquid He bath. A UCN source with a high brilliance could then be obtained and 
used for condensed-matter studies (Lamoreaux 1995b). 

More details about the production and properties of UCNs can be found in many other 
publications (Golub 1996, Golub and Pendlebury 1979, Golub et al. 1979, Golub et al. 
1991, Ignatovich 1990, Pendlebury 1993, Steyerl 1983, Steyerl 1989, Steyerl and Malik 
1989). 

111. SOME FUNDAMENTALS OF NEUTRON REFLECTIVITY 

A. Introduction 

Neutron reflectivity belongs to the broad field of reflectivity of electromagnetic (EM), 
acoustic, and particle waves (Lekner 1987, Russell 1990). All these types of reflectivity 
share many common aspects. Reflectivity of EM and particle waves is the result of a great 
number of microscopic processes at the atomic or nuclear levels, averaged over macro- 
scopic dimensions and described as macroscopic quantities like the dielectric function E for 
EM waves or an effective potential V in the particle case. Because these microscopic 
processes depend on the nature of the incident wave, each probe gives access to specific 
medium properties. For example, the neutron magnetic moment makes it possible to study 
magnetic properties of surfaces by neutron reflectivity. 

Only reflectivity from media with planar stratification is considered here. Such media are 
simply described with only one spatial variable along the normal to the stratification plane. 
Neutron reflection at a planar interface between two different media is illustrated in Fig. 1. 
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Medium 0 
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Fig .  1. Ref1 tion of b8 wz of incid 

Refracted 
Neutrons 

nt neutrons at a planar interfac 
between media 0 (usually vacuum) and 1. The angles of the incident, 
reflected, and refracted neutrons with the interface are called e,, e;, 
and e,, respectively. Sometimes, angles relative to the normal of the 
surface are also used. 

The reflectivity is defined as the ratio of the reflected intensity to the incident intensity 
and is equal to R = Ir 12, where r is the reflectivity amplitude. 

Neutron reflectivity from a given homogeneous material, with a neutron potential V, is a 
function only of the component k,, of the neutron wave vector (in medium 0) normal to the 
surface between media 0 and 1. Total reflection occurs for kzO values below the critical 
wavelength number k,, which depends on the nature of material 1 (when medium 0 is air) 
but which is typically of the order of 0.01 A-l. In the case of total reflection, the wave 
vector k,, inside medium 1 is imaginary-the wavefunction inside this medium is therefore 
evanescent, with a penetration depth that varies between hC/2n and 00 for neutron energies 
corresponding to a motion perpendicular to the sample surface and ranging between zero 
and Uucn, respectively. 

With cold neutrons whose wavelength spectrum peaks at around h = 5 A, wavelength 
numbers k,, around k, can be obtained only at small grazing incident angles of a fraction of 
a degree. Measurements at such small angles require stringent experimental conditions with 
tight neutron-beam collimation. These constraints do not exist for UCNs because they are 
totally reflected at all angles. 

When k,, > k,, the reflected beam is accompanied by a refracted (or transmitted) beam, 
as illustrated in Fig. 1, and the reflectivity falls off very rapidly with increasing neutron 
energy. The ratio of the intensity of the transmitted beam to that of the incident beam is T 
= It 12, where t is the transmission amplitude. Reflectivity and transmission add up to 1: 

R + T = l  . (8) 

In addition to the specularly reflected beam, which is symmetric to the incident beam 
relative to the normal to the surface (Snell’s law), diffuse scattering may also be present 
over a wide range of angles. This type of scattering comes from the incoherent combination 
of all the waves scattered by the microscopic centers inside the medium. 
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Neutron reflectivity from an inhomogeneous material depends on the neutron-potential 
profile within the medium. Theory aims at obtaining general properties of the reflection 
and transmission amplitudes and at developing methods for calculating these amplitudes 
for given neutron-potential profiles. For simple profiles, analytical expressions for R can be 
obtained, but for complicated profiles, the reflectivity must be calculated with numerical 
methods. Some simple cases of reflectivity are presented next for nonmagnetic and mag- 
netic materials (Secs. 1II.B and III.C, respectively). 

B. Neutron Reflectivity from Nonmagnetic Materials 

Because the orientation of the neutron spin cannot be changed by reflectivity from non- 
magnetic materials, the expressions derived below are valid for both polarized and unpolar- 
ized neutrons. 

1. Reflectivity fiom an ideal surface 

An ideal surface is a perfect plane that separates two homogeneous media (one of them is 
usually air) with an abrupt change in the neutron potential across the separation plane. The 
reflection amplitude is then given by the Fresnel formula: 

r =  kzo - kzl 
kzo + kzl ’ (9) 

with k,, defined as 

kzl = . 

Below the critical wave number (kzo < k,), kzl is imaginary, and the reflectivity R calcu- 
lated with Eq. (9) is equal to 1, as expected. Above the critical wave number (kzo > k,), the 
reflectivity R drops rapidly like [k,/kz,]4 as a function of kzo for large values of kzo beyond 
k, (kzo )) k,). 

2. Reflectivity fiom a plane surface with a soft potential 

The abrupt potential across an ideal surface sometimes needs to be replaced by a “soft 
potential” to better explain some experimental results. A soft potential may have the 
Woods-Saxon form, given below, which is widely used in nuclear physics for optical- 
model calculations in spherical coordinates: 

V(z) = VO 
1 + exp(z / d) ’ 

where d is a measure of the thickness of the transition region and V, is a real term that gives the 
strength of the potential. This potential can be used, for example, for describing surfaces contami- 
nated with physisorbed hydrogenous impurities. 

6 



The reflectivity amplitude caused by potential (Eq. 11) is given by the following 
expression: 

sinh[xd(kZo - kzl)] 
sinh[nd(kZo + kzl)] ’ 

r =  

where k,, is taken far beyond the transition region (z )) d). The reflectivity for the soft 
potential decreases even more rapidly than for an ideal surface with increasing incident 
wave number kzo. 

3. Reflectivity from rough surfaces 

Real surfaces may differ from ideal surfaces because of roughness, i.e., small variations 
(from a mean value of zero) in height c,(w) depending on the location w = (x,y) on the 
surface. When these variations are small compared with the incident wavelength, the 

for the specular reflection off this surface can be used. For purely random variations ,A 
height cz, the Gaussian model can be used to calculate the specular reflectivity amplitude 
r(kzo) compared with the amplitude ro(kzo) for the ideal case 

where 4 <& is the standard deviation of the roughness parameter 5,. 

may exist and may be described in terms of a lateral correlation function f(S) defined as 
If the variations in height are not purely random, short-range height-height correlations 

f(6) = l imA-l~Acz(w).~z(w +6)d2w for A -+ 00 , 

where the integral is made over area A. 
This lateral correlation function can also be cast into the following Gaussian form: 

f(6) = <e:> e ~ p ( - 6 ~ / 2 A ~ )  (14) 

where A is the lateral correlation length. 

the Rayleigh criterion may not be satisfied. Diffuse scattering depends on both the rough- 
ness parameter and the lateral correlation length. 

Roughness also gives rise to diffuse scattering, especially at short wavelengths for which 
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4. Reflectivity porn gratings 

A special case of roughness is that of a periodic corrugation of a sharply defined surface 
at z = <,(w), or z = cz(x) in a one-dimensional lateral case. A corrugation with spatial 
periodicity d can be expanded into a Fourier series as 

where the n's are integers andp = 27c/d. The wave function vi of an incident plane wave (perpen- 
dicular to the corrugation) at an angle 8 relative to the normal to the averaged surface is given by the 
following expression: 

(18) v. = eiko(xsine + zcos8) = &(KX + kzoz) , 
1 

where K = $sine. Reflected waves include a specularly reflected (of 0th order) wave, which has the 
following wave function: 

v0 = Ageiko(xsin8 - zcose) = A 0e i(Kx - kzoz) . (19) 

Specular reflection results from constructive interference at an angle 8 between' waves 
scattered at points separated by a distance d on the grating. In specular reflection, there is 
no path difference between the incident and the reflected waves. But constructive interfer- 
ence (of nth order) can also exist at other discrete reflection angles 8, when the path differ- 
ence between the incident and scattered waves is equal to nh. The angles 8, obey the 
following relation: 

d(sin0, - sine) = nh , (20) 

where n is an integer that can take both positive and negative values. Therefore, the whole 
spectrum of scattered waves is composed of the specularly reflected wave at an angle 0 and 
of all the other waves scattered at different discrete angles 0,. The wave function for a 
given n#O value is given by the following expression: 

where 

K,=kosin8,=K+pn . (22) 

The total wave function y~ describing the incident and all scattered waves is given by the 
following expression: 
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5. Reflectivity from single-layer films 

The reflectivity amplitude r for a film 1, of thickness posited on a thick substrate 2, 
is given by the following expression: 

rl t r2 exp(2ikzlzl) 
1 t r1r2 exp(2ikzlzl) 

r =  (24) 

where rl  is the reflectivity amplitude at the incident sur 
infinite thickness) and r2 is the reflectivity amplitude at t 
tion surface with the substrate. The reflectivity R, whic 
reflectivity amplitude r, is given by the following formula: 

he film (as if it were of 
k of the film at the separa- 
quare modulus of the 

rf + r: + 2r1r2 cos(2kz,z,) 
1 + rfr: + 2r1r2 cos(2kz,z,) 

R=l r r  = 

This expression, which is obtained for real reflectivity amplitudes rl and r2, presents an 
oscillatory behavior as a function of the product kzlzl. If the resolution of the incident 
neutron beam is broad, Eq. (25) has to be integrated over the corresponding range of kl 
values. For a large range of kl values, this integration yields the following incoherent limit: 

6. Reflectivity from multilayer surfaces 

A specimen may consist of many layers i of thickness zi on a substrate whose index is 
n+l (see Fig. 2). At the interface between layers i and i+l,  a reflectivity amplitude r[ is 
defined in a manner similar to that in Eq. (9), as if the other layers did not exist: 

In this expression, k,, (kz,i+l) is the z-component of the neutron wave vector in layer i(i+l). 

Medium 0 

1 21 

2 2 2  

2 3  

I 
I 
I 
I 
I 
I 

Fig. 2. Diagram of a specimen composed of n 
layers i, each one with a given thickness zi, on a 
substrate whose index is n+l .  The index 0 
corresponds to vacuum. 

n Zn 

n + l  
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The reflectivity amplitude 
into account all layers with ir: 
reflectivity amplitude rn-l at t 
to Eq. (24): 

interface between two adjacent layers i and i+l (taking 
greater than (i+l) is obtained by first computing the 
rface between layers n-1 and n, using a formula similar 

rA-l + rn exp(2ikZ,z, 1 
1 + r;-*rn exp(2ikZnz,) ’ (28) 

where the amplitude ri-1 is 
reflectivity amplitude rnq2 at t 

Eq. (27). The amplitude rn-l is then used to calculate the 
terface, using the following expression: 

+ rA-2rn-1 exp(2ikZ,,-lz,-l) * (29) 

Subsequent reflectivity are calculated by recursion until the wanted 
reflectivity amplitude ri is reached. The last amplitude that can be calculated is the total 
reflectivity amplitude ro of the specimen. 

This method to calculate the reflectivity for a set of discrete layer structures can also be 
applied to any material whose scattering-length density varies continuously as a function of 
depth. In such cases, the continuously changing profile can be simulated by a histogram of 
discrete layers, each one having a constant refractive index. 

7. Quasi-bound macroscopic states of neutrons in matter 

A superposition of several layers of different scattering-length densities can be used to 
trap neutrons in matter. This structure can be represented by a one-dimensional potential 
made of square potentials. A double-hump potential can be obtained in this manner-for 
example, by using a thin film of aluminum, which has a small UCN potential, sandwiched 
between two layers of copper, which has a much higher UCN potential (Fig. 3). These 
layers can be deposited on a substrate of glass or silicon. Macroscopic quasi-bound neutron 
states can exist in such a Cu-Al-Cu structure and can be detected as resonances in the 
reflectivity (or transmission) of this structure as a function of incident neutron energy. The 
total reflectivity R, of this structure is given by the following quantum-mechanical Airy 
formula: 

T2 
(30) R, = 1 -Tt = 1 - 

T2 + 4 R sin2(kzMzM + 9) ’ 
where R (T) is the reflectivity (transmission) of a single copper layer sandwiched between two 
semi-infinite media of air and aluminum, kzAl is the z-component of the wave vector in aluminum, 
zA1 is the thickness of the aluminum layer, and + denotes the phase shift of a wave propagating in 
aluminum when it is reflected on the single copper barrier. Quasi-bound states occur for discrete 
values of the wave number kzAl satisfying the following relation: 

(31) kzAIZ)J + 0 = n71: Y 

where n is the order of the quasi-bound state whose energy is below the copper potential. 
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Vacuum 

AI (110A) 

Cu (180 A) 

AI (1670A) 

Cu (180 A) 

Depth 

1 

50 100 150 u 7nev) 
I I 

ucn 

Fig. 3. Diagram of a multilayer sample, which behaves as a double-hump potential for  low-energy 
neutrons and which was used in th.e study of quasi-bound neutron states (Steinhauser et al. 1980) 
described in Sec. VI. E.  

Only a few quasi-bound states are energetically possible in the Cu-Al-Cu structure below 
the copper potential. Resonances corresponding to these quasi-bound states appear in the 
reflectivity (or transmission) curve when the incident neutron energy E& in the perpendicu- 
lar motion is equal to 

E,, = u A 1  f fi2k:A, /2m , 

where U,, is the aluminum UCN potential and kzAl takes discrete values according to 
Eq. (31). 

More complicated layer structures can be studied. For example, it is possible to fabricate 
a structure composed of two identical resonators of the above type coupled by a semitrans- 
parent barrier (see Fig. 4). The total reflectivity R, of this structure is given by the follow- 
ing formula: 

where R and T (R1 and T1) are the reflectivity and transmission, respectively, for the cen- 
tral barrier (lateral barriers) and 9 and 
barrier and the lateral barriers, respectively. 

Equation (33) gives rise to resonances similar to those of Eq. (30), but for sufficiently 
strong coupling between the two aluminum wells, each resonance is split into two lines. 
This type of splitting appears in many other systems of coupled oscillators such as, for 
example, two coupled pendulums. 

are the phase shifts upon reflection on the central 
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Vacuum 

AI (100 A) 
Cu (170 A) 

AI (600 A) 

cu (200 A) 

AI (600 A) 

Cu (170 A) 

Si ( 0.25 mm) 

Depth 1 

Fig. 4. Diagram of a multilayer system whose potential for low-energy neutrons simulates 
a coupled-resonator system (Steyerl et al. 1981). This system was used in experiments 
described in Sec. VI. E. 

C. Neutron Reflectivity from Magnetic Materials 

The interaction potential between neutrons and magnetic materials has the form given by 
Eq. ( 6 ) .  Because there is no discontinuity in B, (the z-component of the magnetic induction 
B) across the surface of a magnetized material, there is no magnetic effect in neutron 
reflectivity for samples magnetized perpendicularly to the surface. Neutron reflectivity, 
however, depends on the surface component of the magnetic induction and on the orienta- 
tion of this component relative to the neutron spin, which is here supposed to be oriented 
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Fig. 5. Scheme of the geometry for a polarized incident neutron beam reflected by 
a plane magnetized surface. This figure includes the reflected ( R )  and the refracted 
( T )  neutron beams. Here, the neutron polarization (along an external magnetic 
field H,) and the magnetic induction B are restricted to the plane of the surface 
(Felcher et al. 1987). 

parallel to the surface (see Fig. 5) .  The components of the magnetic induction parallel and 
normal to the neutron spin (supposed to be vertical here) are called B? and BI, respec- 
tively, with the total magnetic induction B, equal to 

B + = B , + B ? .  2 2  (34) 

The neutron wave number kz, inside the magnetic medium has to take into account the 
effect of magnetic induction: 

- 1 / 2 2  kZ1+ - kzo -kc+ ’ 
where 

(35) 

k?+ = 4n;(pb f cBT), and c = 2n;mpn / h2 . 
In these expressions, the indices + or - refer to cases in which the neutron spin is parallel 

or antiparallel to the magnetic induction vector, respectively. Therefore, the medium 
behaves as if it had two refractive indices depending on the orientation of the magnetiza- 
tion of the sample relative to the neutron spin. 

The intensity of the specularly reflected neutron wave provides information about the 
magnetic properties of the material under study. The change in neutron polarization, which 
can also occur during the reflection process, can provide additional information on these 
magnetic properties. For example, when a polarized neutron beam is reflected by a satu- 
rated ferromagnet, there is no change of polarization if the sample magnetization is parallel 
to the neutron spin, but the neutron polarization vector is rotated when it is not parallel to 
the sample magnetization. 
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The neutron polarization is not changed upon reflection by nonmagnetic materials be- 
cause there is no spin-dependent term in the interaction potential that can flip the neutron 
spin. Therefore, polarized UCNs stay polarized when stored in nonmagnetic bottles. 

A complete study of the reflectivity of a polarized neutron beam by a magnetic material 
involves the measurement of both the intensity and the polarization of the reflected neutron 
beam. Calculations of such reflection properties can become very complicated depending 
on the case under study. For a general magnetic profile, the reflectivity amplitude cannot 
be expressed analytically and has to be calculated numerically. 

In the simple case of an homogeneous material (Le., pb and B being constant within the 
medium) with B, = 0, the reflectivity amplitude can be simply expressed with the Fresnel 
formula, Eq. (9), taking into account the possible change in neutron polarization. In this 
case, the reflectivity amplitude reads 

kz - kt r++=- 
-- k z + k ,  (37) 

where the index in the first (second) column in the subscripts for r describes the spin state 
of the incident (reflected) beam. With this particular spin orientation of the neutron spin 
relative to B (B, = 0), there is no spin flip upon neutron reflection (r+ = r+- = 0) because 
the equations for the two neutron spinors are decoupled. For other orientations of the 
neutron spin relative to B (BI f 0), these two equations are coupled making spin flip pos- 
sible with more complicated expressions for the reflectivity amplitudes. 

n7. QUASI-ELASTIC NEUTRON SCATTERING 

A. Introduction 

The above presentation of neutron reflectivity assumes that the atoms in the sample are 
at rest. This is the static approximation in which the incident neutrons are elastically scat- 
tered from the sample atoms (elastic scattering). In real samples, however, atoms are in 
motion and can exchange energy with the incident neutrons, which can then be scattered at 
different energies (inelastic scattering). Many dynamical processes can be probed by in- 
elastic neutron scattering. Some of them, like vibrations in a crystal, involve phonons of 
relatively large energies, which give rise to inelastic neutron peaks clearly separated from 
the elastic peak. In other cases, however, inelastic scattering occurs with a small neutron 
energy change, which cannot be seen outside the elastic peak but which can broaden this 
elastic peak (quasi-elastic scattering). 

With UCNs, quasi-elastic scattering can be studied with extremely good resolution for 
very small values of both the neutron momentum transfer fiQ and the energy exchange Am. 
Because the spatial range explored with neutron scattering is of the order of 27c/Q, small 
momentum transfers can probe large distances, as in macromolecules. Small energy trans- 
fers Ao are caused by slow motions associated with long characteristic times 7 (02 I n), 
which are also found in macromolecules. Therefore, quasi-elastic scattering of UCNs looks 
like a very promising technique to study the dynamics of macromolecules such as various 
polymers. Because UCNs are available only in very small fluxes, UCN quasi-elastic scat- 
tering is restricted to samples that have relatively large surfaces. 
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The study of slow dynamics of polymers and of their aggregates is important for a funda- 
mental understanding of polymer shape and interactions. Quasi-elastic light scattering 
(QELS) of polymer solutions, for example, has been a key element for the study of the size 
and shape of polymers and polymer aggregates through the determination of the three- 
dimensional diffusion coefficient, D, and the equivalent hydrodynamic radius, RH. These 
two quantities are related by the Stokes-Einstein R H  = kT/6nqD relationship (where q is 
the solvent viscosity). Typically, QELS makes possible determinations of D over ranges of 
momentum transfer between 3 x A-1 and 5 x A-l. With neutrons, the contrast 
between the target molecule and the solvent can be enhanced by deuteration. Moreover, 
there is a good match between incident neutron energies and translational energies as well 
as between the neutron wavelength and the sizes of polymers and polymer aggregates. 
Neutron-spin-echo (NSE) spectroscopy (described in Sec. VII) has evolved as an important 
complementary technique for making similar determinations. Typically, NSE measure- 
ments can be made with energy transfers from several neV to = 1 meV, corresponding to 
time scales in the range of 1 ps to 1 ns, and with momentum transfers down to a few times 
0.05 A-l, corresponding to length scales equal to or smaller than 20 A. 

There is today a gap in the Q and fio domains of NSE spectroscopy and QELS that could 
be partially bridged by UCN spectroscopy (Sec. VII). Such a neutron scattering technique 
could be used to study slow cooperative motions in dense systems and systems where there 
are strong interactions and/or large structures that are not amenable to light-scattering 
techniques. Such systems relate to a number of phenomena of practical importance, such as 
phase separation in blends; sintering processes, such as in drying of coatings; and interac- 
tions between polymer melts or solutions and their confining surfaces (Hjelm 1996). The 
energies and wavelengths of UCNs give the potential of measurements in Q in the 
0.01 A-1 range with energy transfers smaller than 1 neV (down to about 0.01 neV), allow- 
ing measurements on time scales larger that 1 ps with sizes up to 100 8, (Sec. V). The 
possibility of making measurements in these domains of Q and fio with UCNs has already 
been demonstrated (Sec. VI). 

Of special interest for these studies are also biopolymers-proteins and deoxyribonucleic 
acid (DNA)-which are usually pictured in texts as having a unique and rigid structure. In 
reality, however, these macromolecules are dynamic systems: they can assume a large number 
of different structures (conformation substates and fluctuation among these substates). The 
exploration of the structures and motions of biopolymers, both in equilibrium and 
nonequilibrium situations, is important for biology and physics. In biology, knowledge of the 
structures and motions is required for an understanding of the function of biopolymers that is 
not just descriptive but also predictive. In physics, biomolecules can be considered unique 
systems that differ from small molecules, liquids, and crystals but are related to glasses and spin 
glasses. Here the goal is the elucidation of the concepts and laws that govern such complex 
systems. In particular, knowledge of the energy landscape and the dynamics is desired. The 
experimental investigation of the structure, energy landscape, and dynamics calls for a wide 
range of tools, because the number of possible structures is extremely large and motions vary 
from harmonic to extremely anharmonic and cover times from fs to ks. The energy landscape is 
rugged and organized hierarchically with a sizable number of tiers. Hence, every conceivable 
approach, from x-ray scattering to atomic force spectroscopy (AFM), must be involved. Neu- 
trons can play a crucial role in the study of the energy landscape and its dynamics. The time 
range accessible to UCNs is just right to measure some of the most important motions 
(Frauenfelder 1996). 



A more quantitative approach to these studies is given below. The general formalism of 
inelastic-neutron scattering, which includes quasi-elastic scattering, is summarized in 
Sec. IV.B, and the dynamical processes that can be studied in quasi-elastic scattering are 
reviewed in Sec. 1V.C. More details can be found in B6e (1988). 

B. Inelastic-Scattering Formalism 

In contrast to elastic scattering, which provides information about the spatial distribution 
of the scattering centers supposed to be at rest, inelastic scattering involves analyzing the 
energy of the scattered neutrons and provides information about the motions of these 
scattering centers. “Inelastic scattering” applies here to all conditions in which some of the 
scattered radiation differs in energy from the incident energy Eo, however small an amount. 
With this broad definition, inelastic scattering includes quasi-elastic scattering, in which 
the energy change of the neutron is small compared with E,. Both coherent and incoherent 
scattering plays a role in inelastic scattering, as discussed below. 

Ignoring the magnetic interaction of the neutron with the sample, the double differential 
cross section for inelastic-neutron scattering is given by the following relation: 

where 
ko and kf are the wave numbers for the incident and scattered neutrons, respectively, 

bcoh and binc are the bound coherent and incoherent scattering lengths, respectively, 

6 and o are the momentum and energy transfers (in units of ti), respectively, and 

ScOh(Q,~)  and Sinc (Q,O) are the dynamic coherent and incoherent structure factors (or 
scattering laws), respectively. 

The quantity in brackets in Eq. (38) is usually called the dynamic structure factor (or 
scattering law) S (a ,W) ,  which is simply a weighted sum of the coherent and incoherent 
dynamic structure factors. Equation (38) strictly applies to monoatomic samples. The 
formalism for complex compounds is more complicated. Upon integration of S (Q,o) over 
o, one obtains the static structure factor S (6): 

This structure factor is also a weighted sum of the components Scoh(Q) and S.nc(0) 
defined by expressions similar to Eq. (39). The coherent structure factor Scoh(6) exhibits 
an interference pattern, which is used to obtain information about the structure of the 
sample; the incoherent structure factor Sine (6), which results from a sum of intensities 
from scattering centers, is Q-independent and just an inconvenient background. Both the 
coherent and incoherent dynamic structure factors Scoh (Q,W) and Sinc ( a m ) ,  however, 
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contain valuable information on atomic and molecular motions because there is a quantita- 
tive relation between these dynamical structure factors and particle motions. 

Let us consider the space-time correlations between nuclei of type i at time t = o and the 
same nuclei i at time t # 0 (autocorrelation), on the one hand, and other nuclei j f i also at 
time t # 0, on the other hand. To this end, let us define the intermediate coherent scattering 
function Fcoh (0, t) as 

where N is the number of nuclei in the sample, the sum is made on all nuclear indices, and 
the average is made on all the thermodynamic states of the system. For t = 0, this function 
reduces itself to the coherent structure factor Scoh (6). 

For t # 0, the function Fcoh(ij, t) gives a statistical description of the way an ensemble of 

In the same manner, it is possible to define the intermediate incoherent scattering func- 
point scatterers evolves in time. 

tion as 

where the sum in brackets is now on the same nuclear indices i. For t = 0, this function 
reduces itself to the incoherent structure factor Sinc (6) , which is actually independent of Q 
and of no physical interest: 

For t f 0, however, the function Finc (6, t) gives the correlation in the positions of any 
same nucleus i at t = 0 and at any time-after t = 0. 

The dynamic structure factors Scoh(Q,O) and Sinc (Q,w) are obtained by Fourier transfor- 
mations with respect to time of the intermediate functions Fcoh(6,t) and Finc (6, t) , respec- 
tively. The expression for Sinc(o,O) reads 

with a similar expression for Scoh (Q,w). 

intermediate function Fcoh ( a t )  : 

+ 
The intermediate functions F can also be Fourier-transformed with respect to Q to yield 

the space-time correlation functions G(T,t) , also known as van Hove correlation functions. 
The general correlation function G (F,t) is obtained as the Fourier transform of the coherent 



Formally, G (T, t) d3r is the probability of finding particle i at time t in volume element 
d3r subject to the condition that particle j (which can be the particle i itself or another 
particle) was at the origin at time t = 0. It is convenient to separate the function G (3, t) into 
two parts. If nuclei i and j are the same ones, then the part of the function G (i, t) that 
describes the correlation is called the self-correlation function G, (T, t) . If nuclei i and j are 
different, then the part of the probability is called the distinct-correlation function Gd (7, t) . 

structure function F~~~ (a, t) : The self-correlation function is the Fourier transform of the incoherent intermediate 

+- 
Gs(T,t) = I --oo Finc(O, t)exp(-iQ.?) d3Q . 

Whereas the static incoherent structure factor does not provide any physical information, 
the dynamic incoherent structure factor can provide information on the correlations in the 
various positions of any same nucleus as a function of time. 

The general correlation function G (7, t) is the sum of the self-correlation and the dis- 
tinct-correlation functions: 

G(T, t) = Gd (T, t) + G,(?, t)  . (47) 

The functions G (7, t) and G, (7, t) are the double Fourier transforms of the dynamical 
coherent and incoherent structure factors Scoh (a,o) and Sinc (a,@)), respectively. These 
structure factors are usually the quantities directly obtained from measurements. However, 
some instruments, such as NSE spectrometers, directly give the intermediate structure 
function (Sec. VI1.B). 

detected in dynamical structure factors are given in the next section. 
Examples of atomic and molecular motions in macromolecules and the way they can be 

C. Dynamical Processes Studied in Quasi-Elastic Scattering 

1. Introduction 
The coherent dynamical structure factor for complex systems is difficult to express and 

therefore to extract from measurements. For this reason, quasi-elastic neutron-scattering 
studies have focused on incoherent scattering whose formalism is simpler for complex 
systems and frcm which the self-correlation function can be derived.l 

The motion R(t) of a point in a large molecule can result from the combination of vibra- 
tional motion G(t) relative to a time-averaged position (e.g., as in a crystalline structure), a 
rotational motion ?;(t) relative to the molecular center of mass (CM), and a translational 
motion of the CM relative to a laboratory frame. The mathematical description of the 
overall motion of points in the macromolecule is greatly simplified if these three types of 
motion are uncoupled, with characteristic times well separated from each other. The scat- 
tering law for this combined motion can then be expressed as a convolution product (*) 
with respect to frequency of the individual scattering laws for vibrational, rotational, and 
translational motions: 

Sinc(Q,W> = S g r ( Q , W )  * sgL(c j ,W)  * Sgy(Q'0) . (48) 

'Most of this section follows Middendorf (1984). 
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The intermediate structure function is the straight product of the Fourier transforms of 
the individual dynamical structure functions for vibration, rotation, and translation. If these 
three types of motion are coupled, Eq. (48) cannot be applied, and more sophisticated 
calculations are needed to obtain the global dynamical structure function. Vibrational 
modes are usually of such amplitudes that their effect on the quasi-elastic peak is reason- 
ably well accounted for by attenuation of this peak by the Debye-Waller factor. 

2. Translational motions 

In a Brownian random-walk path from its initial position at t = 0, a particle evolves in a 
diffusive process that can be described by an "effective" translational diffusion coefficient 
DT, which takes into account all the effects that cause diffusion. The mean-square displace- 
ment <r2> of the particle is proportional to DT and the time t: 

u?> = 6DTt . (49) 

For times that are long compared with the average time between two successive colli- 
sions, the self-correlation function GFms for translational motion obeys Fick's law, which, 
in spherical coordinates, reads 

When solved, this equation yields the following self-correlation function: 

G$""s((;,t) = (47cD~t)-~'~exp(-r~/4D~t) - (51) 

The scattering law Sky (Gym) for this diffusive process is obtained by a double Fourier 
transformation of Eq. (5 l), which leads to the following Lorentzian function: 

whose total width is 

AEinc = 2hDTQ2 . (53) 

Therefore, in the purely Brownian model, there should be a linear dependence of the 
width of the quasi-elastic peak on Q2. As already stated, this model is valid only for times 
(or distances) that are long enough compared with the mean time (distance) between two 
collisions. Consequently, the linear behavior of AEinc versus Q2 should be observed only 
for small Q values. 
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Other models, such as those derived from the use of the Langevin equation, also obey a 
Gaussian approximation of the form given by Eq. (51) but with a width that deviates from 
the linear time dependence D,t. Study of the dependence of AEinc on Q2 can therefore 
provide insight into the nature of diffusive processes. 

Translational motions can also occur through jumps between sites, which are shallow 
potential wells where particles are trapped during times zo assumed to be long compared 
with jump times. Jumps from a given site to its n, nearest-neighbor sites may be described 
by a set of vectors dn extending from the initial site to its ns sites. Assuming isotropy, the 
incoherent scattering function for this process is also a Lorentzian of width 

For jumps involving large n, values and random vectors of the same length do, Eq. (54) 
reduces to 

which presents an oscillatory behavior typical of jump diffusion models. In the limit Q + 
0, the process appears Brownian-like with a width 

which is expressed in terms of the microscopic quantities zo and do. 

with possible vibrations in the sites of the jump models. 
It is also possible to combine several types of translational motions among themselves 

3. Rotations 

In the diffusive motions considered above, the particle drifts through a Brownian ran- 
dom-walk path away from its initial position and gradually forgets its initial parameters. 
The self-correlation function of Eq. (51) actually goes to zero when the time goes to infin- 
ity. This behavior is in contrast with that of rotations in which the particle is confined to 
the same volume, called V,, at any time during the motion. The rotational correlation 
function G;Ot (3,t) therefore approaches a limit called G E  (;) when the time goes to infinity. 
The rotational self-correlation function can then be split off as the sum of two components: 

Gtot (;,t) = G:: (;) + Giot' (:,t) , (57) 

which, after double Fourier transformation, leads to the following rotational incoherent 
structure factor, which is also the sum of two components: 

One component is the sharp elastic contribution given by the Dirac function, which is 
called the elastic incoherent structure factor (EISF). In the ideal case of isotropic Brownian 
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rotational motion, the volume V, is occupied with equal probability for long times. But 
more complex modes are possible in which some parts of V, will be occupied with greater 
probability than others. 

V. ULTRACOLD-NEUTRON GRAVITY INSTRUMENTS 

A. Introduction 

Because the earth’s gravitational potential strongly influences the motion of UCNs, 
gravity can be used to produce monochromatic UCN beams and to analyze the energy of 
UCNs scattered from samples. Two UCN gravity instruments have so far been used in 
condensed-matter studies. One of them, called a UCN gravity diffractometer, uses directly 
the energy gained or lost in the vertical motion of UCNs (Scheckenhofer and Steyerl 1981). 
The other one, called a UCN spectrometer or more specifically NESSIE (for Neutronen 
Schwerkraft Spektrometrie in German or neutron gravity spectrometry in English), uses 
gravity as a strongly dispersive medium for the motion of UCNs (Steyerl et al. 1983). 
These instruments were first installed at the UCN source of the Forschungs Reactor Munich 
(FRM), which has a thermal-neutron flux of 1013 n/cm2s, and subsequently moved to the 
more intense UCN source of the ILL with the same neutron turbine to slow cold neutrons 
down to UCN energies. 

B. The UCN Gravity Diffractometer 

A schematic view of a recent version of the UCN gravity diffractometer is given in Fig. 6 
(Steyerl et al. 1992). A horizontal UCN beam with a velocity v, = (4 k 0.2) m / s  is fed from 
the neutron turbine into the entrance beam system having a vertical slit width Ah = 0.4 cm. 

“Comb” 
\ 

Beam Stops 
\ \  Beam Stop I I  / 

Sample(B) 
1.3m - 

1 Tube 
klvlirrw A I I 

I 

0 
Detector 

I 
1 

- 0.9 m i 
Fig. 6. Schematic view of the UCN gravity diffractometer. This instrument is 
mainly used in the reflection mode but can also be used in the transmission mode 
by replacing sample B with a mirror and placing the sample at position (T) .  
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This slit defines the initial resolution AE,,, = 0.4 neV of the UCN beam before it falls 
under gravity onto a horizontal sample (or mirror) B, where it is reflected uFwards to an 
exit slit whose width matches that of the entrance slit. During their motion between the 
entrance and exit slits, UCNs are reflected and focused on the exit slit by many mirrors. 
Mirrors A and C are shown in Fig. 6 ,  but there are about 10 to 20 other lateral mirrors (not 
shown in this figure), which are vertical and perpendicular to mirrors A and C .  After the 
exit slit, the UCNs are reflected downwards by an inclined mirror into a guide tube, where 
they are accelerated by gravity to be counted in a BF, detector. 

Stringent requirements on the alignment and surface quality of all mirrors placed on the 
UCN trajectories are mandatory for good operation of the UCN gravity diffractometer. The 
energy spectrum of the UCN beam at the exit of the diffractometer can be analyzed by 
vertically moving the exit slit. The overall resolution AE,,, depends critically on the align- 
ment of the mirrors of the diffractometer. This resolution is typically around 1 neV and can 
be as low as AE,,, = 0.51 neV, as illustrated in Fig. 7. Quasi-elastic scattering can be 
detected by broadening of the reflectivity line with a sensitivity as good as a few 0.01 neV 
(Steyerl et al. 1992) but over a limited range of the momentum transfer, from 0.01 to 
0.015 A-l. The vertical energy of the neutrons incident on sample (or mirror) B typically 
varies from 65 to 120 neV as a result of changing the height of sample B. This energy can 
exceed the UCN potential for some materials, which can also be studied with refracted 
neutrons transmitted through the sample placed between mirrors A and B. The sample size 
is typically 5 em x 15 cm. 

0.9 
lmO F 

-20 -15 -10 5 0 5 10 15 20 
x (mm) 

Fig. 7. Illustration of the energy resolution achieved with the UCN gravity diffactometer 
shown in Fig. 6. The count rate (circles) is plotted as a function of vertical position x of the 
exit slit. This experimental beam profile is fitted by a Monte Carlo calculation (solid curve). 
Both measurements and calculations agree with a resolution width-full width at half 
maximum (FWHM)-of 5.1 mm, i.e., 0.51 neV (Steyerl et al. 1992). 
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With perfect total UCN reflection at all mirrors and ideal geometry, the count rate of the 
gravity diffractometer at the ILL is 10 countsls with 0.4-cm slits (Steyerl et al. 1992). This 
count rate may be decreased by imperfections in the alignment and contamination of the 
mirrors. This count rate is about 250 times that obtained at the FRM (140 countsk) with 
2-cm slits and a UCN source about lo4 less intense than that of the ILL. Using the same 
resolution both at the ILL and at the FRM, the count rate would be about 1.25 x lo3 higher 
at the ILL, still less than the lo4 difference in the intensity of the UCN sources at both 
places. Reflectivities with count rates of 10 counts/h were measured at the FRM 
(Scheckenhofer and Steyerl 1977). Assuming that the same sensitivity could be achieved at 
the ILL, reflectivities down to about lo4 could be measured with the UCN gravity 
diffractometer installed at the ILL and set to a resolution of 2 neV. A further improvement 
by two orders of magnitude in the intensity of UCN sources would push the sensitivity of 
reflectivity measurements down to A-1 5 Q I 
1.5 x 
such small-reflectivity measurements because there is a close relationship between the 
reflectivity, the Q value, and the energy of the diffractometer. For example, the Q and 
energy values are related by the following simple expression: 

However, the limited Q range ( 
A-1) of the UCN gravity diffractometer would severely restrict the interest of 

Q = 2kZ0 = 0.0014 , (59) 

where Edif is the neutron-fall energy of the diffractometer. The present maximum energy of 
the diffractometer is 120 neV, which restricts Q measurements to values below 0.015 A-l. 
Even doubling the height of the instrument, which is quite big already, would only increase 
the maximum accessible Q value by 40%. The dependence of the reflectivity on Q (or kzo) 
above the critical energy depends on the sample, but a rough estimate can be derived from 
the Fresnel formula of Eq. (9): 

Therefore, reflectivities of lo4 already attainable today would be of interest only for 
samples having a very small positive UCN potential (about 1 neV) or a negative UCN 
potential. 

C. The UCN Gravity Spectrometer 

The other instrument, NESSIE, uses the strongly dispersive properties of the gravitational 
field for UCNs in a geometry shown in Fig. 8 (Steyerl 1978). A neutron of total kinetic energy Eo 
emitted at an angle a relative to the horizontal direction follows a parabolic trajectory in the gravi- 
tational field until this particle reaches the point of impact. The horizontal distance R traveled by 
the particle during its flight is given by the formula 

R = -  EO cos2a(tana - tanp) , 
mg 
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Fig. 8. Principle of the gravity spectrometer NESSIE (Steyerl 1978). 

where p is the angle that the straight line joining the launching point and the point of 
impact makes with the horizontal direction and g is the earth’s gravitational field. For a 
given energy Eo, the maximum reach R, will be achieved for an angle of emission a, given 
by the formula 

.,=tan-( l+sinp 
cos p ) , 

for which the value of R, is 
2E0 cos p 

mg( 1 + sin p) R, = R(a,) = 

Note that this value of R, is stationary with respect to a, which makes it possible to 
focus at this distance a fairly divergent beam of monochromatic neutrons. The divergence 
A a  of the incident beam is, however, limited by the second-order correction to a value 
given by 

A a  I (AR/2R,)”2 , (64) 

where AR is the uncertainty in R, caused by the sizes of the source and of the sample. 

is obtained by differentiating Eq. (63), which gives the relation 
For small values of p, the sensitivity of the maximum reach R, to the incident energy E, 

independent of incident energy. This high value illustrates the strongly dispersive nature of 
the earth’s gravitational field for neutrons and demonstrates that the maximum-reach 
method can yield a very good neutron-energy resolution. 
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Although the maximum-reach method could be used, in principle, for any neutron en- 
ergy, constraints on the sizes of spectrometers restrict it to very low energy neutrons such 
as UCNs. The distance R, is proportional to E, as can be seen from Eq. (61) and is already 
equal to 8 m for E, = 0.4 peV. Moreover, the spectrometer requires large-angle deflection 
mirrors, which can be realized only for very low energy neutrons. 

NESSIE is designed to focus on the detector a fairly large angular range of the neutrons 
scattered by the sample. This is achieved by the use of a cylindrical mirror of slightly 
elliptical shape, with one focal point at the sample and the other at the detector. The neu- 
tron energy after scattering is determined by the horizontal flight R h  . 

to 0.6 peV, which are energies substantially above those of the gravity diffractometer. 
NESSIE is optimized for a sample size of 5 x 5 cm2. Experiments have, however, been 
carried out with larger samples measuring 5 x 15 em2 (Pfeiffer et al. 1988) but likely in- 
curred a loss of resolution, as a consequence of Eq. (65). The momentum transfer is limited 
to a narrow range between 0.02 and 0.03 A-l, about a factor of 2 above that of the gravity 
diffractometer. The resolution is typically around 16 neV, much broader than that of the 
gravity diffractometer (Fig. 10). A line broadening of 2 neV can be observed in quasi- 
elastic scattering experiments (Pfeiffer et al. 1988). The flux of monochromated neutrons at 
the sample position is about 2.5 n/cm2/min, nearly independent of incident neutron energy, 
with the FRM source of UCNs (Steyerl et al. 1983). The count rate is very low: about 
24 counts/h for a 5 x 15 cm2 sample (Steyerl et al. 1983, Pfeiffer et al. 1988). 

In its actual design (Fig. 9), the incident energy at the sample can be varied from 0.4 peV 

Monochromator 

Movable 

Virtual Source 

Turbine =z 

Fig. 9. Sketch of the arrangement of the gravity spectrometer NESSIE a t  its design stage 
(Steyerl 1978). This instrument is described in more detail elsewhere (Steyerl et al. 1983). 

25 



6- 

Graphite 

FWHM =(17.0:0 .6)ne~ 

v - -  0 
Q I 

t 
3-- - - - - 

Ob I I I 1 ! I I I * 430 neV 

400 620 440 46Q 480 500 528 54Q 
Energy (nev) 

Fig. I O .  The measured energy curve of NESSIE, as obtained by elastic scattering from a 
graphite sample. The resolution curve is plotted as a function of incident-neutron 
energy and is centered on the energy of 430 neV. The FWHM of the resolution curve is 
(17.0 k 0.6) neV (Steyerl et al. 1983). 

D. Conclusions 

These two instruments have been used in many condensed-matter studies, most of the 
time in the reflectivity mode described above but sometimes in the transmission mode. 
Note that NESSIE selects neutrons according to their total kinetic energy E,, in contrast to 
the gravity diffractometer, in which the vertical neutron energy (the energy for vertical 
motion) is defined. For both instruments, there is, however, a close relation between the 
total and the vertical energies for each setting and mode of operation. 

Both instruments can make measurements only in a limited range of small Q values. 
Illustrations of these studies are given in Sec. VI. The gravity diffractometer seems better 
suited than NESSIE for most future studies. This diffractometer provides a better resolu- 
tion (0.5 neV FWHM compared with 16 neV for NESSIE) and a higher count rate 
(140 counts/h compared with 24 counts/h for NESSIE at the FRM). It is also easier to 
operate than NESSIE, which is a huge and complex instrument. The relatively high count 
rate of the gravity diffractometer compared with that of NESSIE comes from the fact that 
the diffractometer can be used with a comparatively wide interval of horizontal neutron 
velocities and therefore with a significant beam divergence without deterioration of 
resolution. 
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VI. SOME EXPERIMENTAL RESULTS IN NEUTRON REFLECTOMETRY 

Some experimental results obtained in neutron reflectometry with several instruments are 
illustrated below. In some cases, these results are supplemented by transmission measure- 
ments. 

A. Reflection from a Smooth Planar Surface 

The use of the gravity diffractometer to measure neutron reflectivity from planar surfaces 
at neutron energies across the critical energy is illustrated in the two following experiments 
carried out at the FRM. 

(Fig. 11). Above the critical energy, the reflectivity drops sharply as a function of neutron 
vertical energy, which is determined by the height of neutron fall. This rapid decrease in 
reflectivity is well reproduced with the Fresnel formula, Eq. (9), used with an abrupt poten- 
tial. This measurement yields a very precise value of the critical energy, from which an 
equally precise value (to 0.02%) of the lead neutron scattering length can be obtained 
(Koester et al. 1986). This excellent precision explains why this instrument was widely 
used for very precise scattering-length measurements. 

mirror (Fig. 12). The resolution is 3 neV, and the count rate at total reflection is about 
145 counts/h (background subtracted). A steep edge is observed at the critical height of 
93.6 cm, but the drop in reflectivity beyond the critical energy is even more rapid than 
predicted by an abrupt potential. The data are, however, well reproduced with a soft poten- 
tial of the type given by Eq. (1 1) using a thickness d = 73 k 3 A for the transition region. 
This result can be interpreted as having been caused by a physisorbed hydrogenous surface 
layer whose concentration in H20 decreases with increasing depth (Scheckenhofer and 
Steyerl 1977). The amount of hydrogen derived from these data is the right amount to 
explain the relatively high UCN losses observed in bottled UCNs in early ILL measure- 
ments. 

In the first experiment, neutrons are incident on the planar surface of liquid lead 

In the second experiment, neutrons are incident on a low-alumina boron-free float glass 

B. Effect of Roughness on the Reflectivity from and Transmission through Planar Surfaces 

A simple example of the influence of roughness on reflectivity is given in Fig. 13, where 
cold neutrons are incident at a grazing angle, therefore with a very small vertical energy, 
on a rough 2-mm-thick lead film that was grown on an optically flat silicon support 
(Felcher et al. 1987). The incident cold neutrons are emitted from a cold moderator of solid 
methane (at T = 10 K) that is irradiated by the fast neutrons produced with the intense 
pulsed neutron source (IPNS) of the Argonne National Laboratory (ANL). The fixed angle 
of incidence is 
measured by the time-of-flight (TOF) method. The reflectivity at short wavelengths drops 
more drastically than that given by the Fresnel formula for a smooth surface. Modifying the 
Fresnel formula by a roughness attenuation factor given by Eq. (14) gives, however, a good 
fit to the data with a surface roughness d z  = 65 A (Felcher et al. 1987). 

= 0.355" f 0.020", and the wavelength reflectivity dependence is 
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Fig. 11. Reflectivity of liquid lead as a function of the height of fall of the 
incident neutrons, as measured with the neutron gravity diffractometer 
(Koester et al. 1986. ) Solid circles are experimental data, and the solid line 
is  a f i t  to these data calculated for an undisturbed surface of the liquid lead. 
This figure is reprinted with kind permission from Elsevier Science - NL, Sara 
Burgerhartstraat 25, 1055 KV Amsterdam, The Netherlands. 
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Fig. 12. Intensity of neutrons reflected from a glass mirror measured with the UCN gravity 
diffractometer as a function of the height of fall of the incident neutrons. The experimental data 
(solid circles) are compared with theoretical calculations by means of a wall scattering potential, 
which is either a sharp step function [solid line (a)]  or a smoothed step function [dashed line (b)]  
(Scheckenhofer and Steyerl 1977). 

The influence of roughness can also be seen in the transmission of very cold neutrons 
through samples, as illustrated in Fig. 14, which shows the total cross section oT obtained 
from neutron transmission through a 0.12-mm-thick polycrystalline copper sheet. The 
measurements were carried out with the source of very cold neutrons of the FRM using the 
TOF method (Steyerl 1972a, Steyerl 1972b). These measurements were made at room 
temperature, before and after mechanical polishing of the surfaces, for incident neutron 
velocities vo above the critical velocity for copper (which is vc = 5.62 d s ) .  Because of 
roughness, a fraction of the incident neutrons is scattered away from the incident beam, 
causing a loss in the transmitted neutron beam and resulting in an apparent increase in oT. 
In the absence of roughness, the measurement should give the true cross section at velocity 
v’ of the neutrons inside the sample, which has to take into account the loss of kinetic 
energy of the incident neutrons upon crossing the Fermi potential at the front surface of the 
sample (v’ = d m ) .  This is actually observed with the sample that has polished surfaces, 
which yields a measured oT obeying a l/v’ behavior, as expected. But the measurements 
with a sample having rough surfaces yield a oT which deviates from the l/v’ law. The 
apparent increase in oT that is observed with rough surfaces can be accounted for with a 
Gaussian lateral correlation function given by Eq. (16) and the following parameters: d z  = 100 A, and A = 500 A. 
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Fig. 13. Measured neutron reflectivity of a lead film deposited on a silicon support as a 
function of the incident neutron wavelength (solid circles). The measurements were 
made with the grazing-angle neutron reflectometer installed at the IPNS. The calculated 
reflectivity f o r  an ideal plane surface is represented by a dashed line. A surface 
roughness of 65 A has been added in the calculations shown on the solid line 
(Felcher et al. 1987). 
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Fig. 14. Measurements of the total cross section 0, of copper at room temperature for very cold 
neutrons as a function of the neutron velocity v' within the sample. The data points were obtained 
by measuring the transmission of a copper foil before and after mechanical polishing (open 
squares and open circles, respectively), using the neutron TOF method (Steyerl 1969, Steyerl 
I972b). The cross section obtained from the polished sample obeys the expected Ih'dependence 
(dashed curve) whereas the data obtained from the unpolished copper sample deviate from this 
behavior because a significant fraction of the incident neutrons are scattered away by surface 
roughness. The experimental data obtained before polishing are in good agreement with 
calculations (solid curve) that take into account roughness with parameters given in the text 
(Steyerl 1 9 7 2 ~ ) .  

C. Reflectivity from Gratings 

Gratings were studied at high resolution with the neutron gravity diffractometer installed 
at the ILL (Steyerl et al. 1992). 

Reflection from gratings was studied in the Oth-order diffraction mode, which gives the 
classical specular reflection, and the first-order modes (n = +1 and -1). For the study of the 
Oth-order mode, the sample with gratings was located at the horizontal position B (see 
Fig. 6). Specular reflectivity was studied as a function of k,, by varying the vertical posi- 
tion of the sample and as a function of k,, (the horizontal component of the wave number) 
by varying the position of mirror A (Fig. 6) and adjusting the positions of the other mirrors. 
For the study of reflections of order n = -1 ,  0, +1, the sample with gratings was placed at 
the location of mirror A (Fig. 6). 
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The variation of the measured specular reflectivity from a grating as a function of k,, 
and k,, is plotted in Fig. 15, which includes the groove profile of this grating. The data are 
compared with calculations made assuming the Rayleigh criterion, Eq. (13), and using the 
Rayleigh approximation, which supposes that waves diffracted from elevated parts of the 
groove surface into the groove depth can be neglected. The dependence of the reflectivity 
on d/D (not shown on the diagram) is very strong. A reasonably good fit to the data is 
obtained for d/D = 0.22. For this value of d/D, the dependence of the reflectivity on k,, is 
fairly strong whereas that on k,, is very weak. 

0.14 t 

Fig. 15. Measured specular reflectivity of a grating whose groove profile is given on the 
top right of the figure. The reflectivity was studied with the gravity diffractometer as  a 
function of k,, and kxp Experimental data points are represented as  open circles 
(variation with k,,) and open squares (variation with kz,) and solid lines are drawn 
through the data points for  each case. Calculations using the Rayleigh approximation 
with d/D = 0.22 are shown as dashed lines (Steyerl et al. 1992). 

First-order diffraction lines were studied with a nickel-coated grating (effective size 
10 x 20 cm2) with 1200 grooves/mm blazed for a wavelength of 1200 A. The grooves have 
a slightly asymmetrical rectangular saw-tooth-like profile with a face angle of 5.2" relative 
to the surface plane. The results are shown on Fig. 16, where it can be seen that the diffrac- 
tion lines n = -1, 0, and +1 are clearly separated. The intensity of the Oth-order line (about 
6% that for total reflection) is in agreement with calculations. The intensities for both the n 
= +I and n = -1 lines are, however, a factor of 3 below the expected values. No satisfactory 
explanation has been provided for this discrepancy. 
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Fig. 16. Diffraction lines of order n = - I ,  0, and +I for UCNs diffracted by a nickel-coated 
reflection grating. The measurements were made with the neutron gravity diffr-actometer installed 
at the ILL. The FWHM of the diffraction lines is about I neV of gravitational energy. The solid 
and dashed lines are for normal and reversed grating orientation, respectively (Steyerl 1989). 
This figure is reprinted with kind permission from Elsevier Science - NL, Sara Burgerhartstraat 
25, 1055 KV Amsterdam, The Netherlands. 

D. Reflectivity from Thin Films 

Reflectivity from thin films can be studied in the same manner as from thick samples. 
Whereas reflectivity from thick samples exhibits the simple monotonic behavior shown in 
Fig. 11, reflectivity from thin films shows a more complicated pattern coming from inter- 
ference of the neutron waves reflected by the two surfaces of the films. An example of such 
behavior is given in Fig. 17 for the reflectivity of a thin film of gold evaporated on glass. 
The interference pattern is sensitive to the film thickness, as predicted by Eq. (25). The 
data of Fig. 17 can be fitted with Eq. (25) using a film thickness of d = 2680 If: 60 A. The 
reflectivity that would be obtained with a thick sample of gold is also plotted in Fig. 17 for 
comparison. As can be seen from these data, reflectivities below about 0.1 are very difficult 
to obtain with this instrument when it is installed at the FRM. A better sensitivity to 
reflectivity would be obtained at the ILL and with future, more intense UCN sources. 
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Fig. 17. Measured intensity of UCNs reflected from a glass mirror with a thin gold coating 
(solid circles with error bars) as a function of the height of fall of the incident neutrons. The 
measurements were made with the neutron gravity diffractometer installed at the FRM. Solid 
curve 1 shows calculations of the reflected intensity for  a thick gold sample. Curves 2 (dashed and 
solid) show calculations of the reflected intensity for a thin gold f i lm deposited on a glass mirror. 
Whereas dashed curve 2 is for  monoenergetic neutrons, solid curve 2 is corrected for 
instrumental resolution (Scheckenhofer and Steyerl 1977). 

E. Reflectivity from and Transmission through Multilayer Systems 

Reflectivity from and transmission through composite films have been studied with the 
UCN gravity spectrometer at the FRM. 

Multilayer systems were studied that were composed of a thin film of aluminum sand- 
wiched between two copper films. These three films were evaporated on substrates of glass 
(reflectivity measurement) and silicon (transmission measurement). Each system was 
protected by an additional layer of aluminum that was evaporated at the top of the system. 
Because the UCN potential is larger for copper than for aluminum, the Cu-Al-Cu system 
behaved as a double-hump potential barrier inside which quasi-bound neutron states could 
exist (Sec. III.B.7). In these measurements, the resolution was 3 neV (FWHM), and the 
count rate obtained with a 10 x 20 cm2 nickel-coated glass mirror was 45 counts/h, about 
half the value of the best rates obtained in previous experiments. 
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Fig. 18. Measurement of the reflected UCN intensity f o r  a multilayer system as a 
function of the height of fall of the incident neutrons (open circles with error bars). 
The measurements were made with the neutron gravity diffractometer installed at 
the FRM. The solid curve is an exact solution of the one-dimensional Schrodinger 
equation for the multistep neutron potential of the system shown in the insert. 
This curve includes corrections for  the effect of instrumental resolution 
(Steinhauser et al. 1980). 

The sample studied in the reflectivity mode was composed of the following layers from 
top to bottom: AI (100 A), Cu (240 A), A1 (860 A), and Cu (240 A) on a glass substrate 
(see insert in Fig. 18). The reflectivity of this system as a function of neutron vertical 
energy (or height of neutron fall) is plotted in Fig. 18. The reflectivity curve clearly shows 
a dip at 108.5 cm, which corresponds to a stationary state in the potential well. This dip is 
fairly well reproduced by the solid curve, which represents a solution for quantum number 
n = 1 of the one-dimensional Schrodinger equation for this potential. The observed total 
width of = 7.8 neV corresponds to a lifetime for this quasi-bound state of = 2 x s. 

The sample studied in the transmission mode is described in Fig. 3 and shown as the 
insert in Fig. 19. The layer thicknesses (especially the thickness of the central A1 layer) 
make it possible to observe the n = 1 and the n = 2 quasi-bound states. The silicon substrate 
is fairly transparent so as to make transmission measurements possible. The experimental 
results (Fig. 19) clearly show the peaks corresponding to the n = 1 and n = 2 quasi-bound 
states. The solid curve in Fig. 19 is calculated for a multistep potential. 
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Fig.  19. Measured neutron transmission for a multilayer system as a function of the height of fall 
of the incident neutrons (open circles with error bars). The measurements were made with the 
neutron gravity diffractometer installed at the FRM. Two resonances occur at neutron heights of 
fall of 74 and 99 cm. The resonance widths are equal to 2r with values of r given on the figure for 
each resonance. The solid curve results from calculations using the multistep potential shown in 
the insert (Steinhauser et al. 1980). 

The optical analog of this neutron double-hump-potential device is the classical Fabry- 
Perot interferometer. The neutron version of this interferometer could feasibly have a 
resolution of about 1 neV. 

multilayers represented by double potential wells. For example, a system studied in the 
transmission mode with the UCN gravity diffractometer had the following layer sequence 
from top to bottom: A1 (100 A), Cu (170 A), A1 (600 A), Cu (200 A), A1 (600 A), Cu (170 
A), and A1 (100 A) on a silicon substrate (see insert in Fig. 20). The measured transmission 
of this sample is plotted as a function of neutron energy in Fig. 20. The n = 0 stationary 
state, which would appear as a single resonance for a single resonator, now appears split 
because of the coupling between the two identical resonators through the 200-A central Cu 
layer. The observed split is A = 6.3 neV. The exact solution of the one-dimensional 
Schrodinger equation for this multistep potential is plotted as a dashed line in Fig. 20. The 
experimental data have the same shape but are significantly below the exact solution be- 
cause of experimental effects. 

More complex systems were studied, such as coupled neutron resonators with 

36 



1 .o 
20 

0.8 
16 

.'10.6 
12 - 

8 -  
- - 0.4 

- 
4 - ~  0.2 

0-4- * 
65 70 75 80 85 90 95 

E (nev) 

a, 
0 
S 
Q 
U CI .- 
E fn 
S 
0 
+ L - 0, 1'1 *--- 

AI 100 A mm Y 
) *  t 

Fig. 20. Measured neutron transmission through a multilayer system whose neutron 
potential is shown in the insert. The data points (open circles with error bars) are 
plotted as a function of the vertical energy of the incident neutrons. The 
measurements were made with the neutron gravity diffractometer installed at the 
FRM. The solid curve is a phenomenological f i t  to the data. The dashed curve is an 
exact solution to the Schrodinger equation used with the potential shown in the 
insert. The experimental data are lower than the calculations because of 
instrumental resolution and scattering from rough surfaces (Steyerl et al. 1981). 

F. Reflectivity from Magnetic Samples 

Because of the neutron magnetic moment, polarized neutron reflectivity (PNR) can be very 
useful to measure the magnetic profile near the surface of magnetic materials. Although UCNs 
could be used for such studies, very few UCN measurements have been reported in this field. 
Instead, thermal or cold neutron beams were used for PNR at grazing angles. 

PNR measurements at grazing angles are illustrated in Fig. 21 for a ferromagnetic sample, 
which is a single crystal of nickel whose surface that is exposed to the neutron beam is in the 
(1 10) plane. Magnetization inside the sample is saturated in the (1 11) direction in the plane of 
the surface by a small external magnetic field. Reflectivity is plotted as a function of neutron 
wavelength for an angle of incidence 
to the sample magnetization (Felcher et al. 1987). Such data, possibly supplemented by other 
measurements made under different physical conditions (temperature, magnetic field), can be 
used to determine both the magnetic and chemical profiles of a sample. 

Another PNR example is given in Fig. 22; the sample is a 300-A magnetized film of 
permalloy on top of an antiferromagnetic film of Ni0.5C00.50. The permalloy sample at a 
temperature of 20 K is magnetized parallel to an external magnetic field. PNR measurements 
were made with the neutron spin parallel and antiparallel to this external field. 

= 0.7" for neutron polarizations parallel and antiparallel 
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Fig. 21. Measured reflectivity, as a function of neutron wavelength, of polarized neutrons 
incident on a nickel single crystal. The measurements were made with a grazing-angle 
neutron reflectometer installed at the IPNS. The spin-dependent reflectivities were 
measured with the spin of the incident neutrons parallel (solid circles) and antiparallel 
(open circles) to an external magnetic field of 20 Oe (Felcher et al. 1987). 
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Fig. 22. Measured reflectivity, as a function of momentum transfer, of polarized 
neutrons incident on a magnetized f i lm of permalloy on top of an antiferromagnetic f i lm 
of Nio,5Coo.,0. The permalloy is magnetized in the direction of an external magnetic 
field. The measurements were made with a grazing-angle neutron reflectometer installed 
at the IPNS.  The spin-dependent reflectivities were measured with the spin of the 
incident neutrons parallel (solid circles) and antiparallel (open circles) to the external 
magnetic field (Felcher 1993). This figure is reprinted with kind permission from 
Elsevier Science - NL, Sara Burgerhartstraat 25, I055 KV Amsterdam, The Netherlands. 

A third PNR example was obtained with the surface profile analysis reflectometer 
(SPEAR) described in Sec. VII. The measurements were made with a 267-kthick film of 
iron grown on a polished single crystal of MgO, with the neutron spin either parallel or 
antiparallel to the magnetic field applied to the sample. The data obtained in these 
measurements are plotted in Fig. 23. Analysis of these data showed that the iron film had a 
25-A-thick surface oxide of Fe304 or 'y-Fe203 with an average magnetic moment of 1.6 pB, 
a 208-A-thick Fe region with an average magnetic moment of 1.8 pB (compared with 
2.2 pB for bulk Fe), and a phase boundary region (which was 66% dense) with an enhanced 
average magnetic moment of 2.5 pB. These values of the average magnetic moment are 
partially related to the changes of the Fe densities in these various layers. 

With these types of studies, it is possible to determine the magnetic profiles of bulk 
samples with a resolution of 50 G and to detect the magnetization of a ferromagnetic mono- 
layer at the level of 0.5 p~ per atom. Only a few exploratory magnetic measurements have 
been made with polarized UCNs using the neutron gravity diffractometer at the ILL 
(Herrmann 1990). 
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Fig. 23. Measured reflectivity, as a function of momentum transfer, of polarized 
neutrons incident on an iron f i lm grown on a crystal of magnesium oxide. The 
measurements were made with SPEAR. The spin-dependent reflectivities were 
measured with the spin of the incident neutrons parallel (stars) and antiparallel 
(open diamonds) to the external magnetic field applied to the sample. Analysis 
of the data gives the magnetic profile of the iron film. Solid lines represent 
model calculations (From the Tip of the LANSCE 1993). 

G. Quasi-Elastic Scattering 

As mentioned in Sec. IV, neutron quasi-elastic scattering is a powerful and promising 
technique to study the dynamics of macromolecules. The use of UCNs in these studies can 
supplement other similar studies carried out with high-resolution neutron instruments such 
as backscattering and NSE spectrometers (Sec. VII). With UCNs it is possible to make 
measurements at very small momentum transfers ranging from 0.01 to 0.03 A-1 (corre- 
sponding to spatial dimensions of a few 100 A) and very small energy transfers in the 
0.01-neV range. An example of the study of molecular dynamics of lipid bilayers with 
NESSIE is given next. 

dyl-choline (DPPC) in D20 solution with an area of 5 x 15 cm2 and a thickness of 0.1 cm. 
In this experiment, NESSIE was used with a resolution of 16.4 k 0.5 neV. A typical quasi- 
elastic peak obtained in these measurements is shown in Fig. 24 for the DPPC sample at a 
temperature of 41" C at which the bilayer is in a liquid crystalline phase. The data can be 
explained by a broadening of the elastic peak by a Lorentzian having a total width of 
AE = 2.1 k 1 .O neV. Several measurements were made at different temperatures to study 

The first sample used in this experiment was a bilayer of the lipid dipalmitoyl-phosphati- 
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Fig. 24. Spectrum of quasi-elastic scattering of UCNs by a bilayer of DPPC at 41 O C (open circles 
with error bars). The dashed line corresponds to the background. The data were obtained with the 
UCN spectrometer NESSIE installed at the FRM. The solid line is a Lorentzian f i t  to the 
experimental quasi-elastic peak (Pfeiffer et al. 1988). 
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the broadening of the quasi-elastic peak as a function of temperature. No broadening is 
observed at room temperature, but a significant broadening is observed at temperatures 
above 40°C. 

Measurements of the broadening of the quasi-elastic peak as a function of momentum 
transfer were made with bilayer dispersions of a 1: 1 mixture of dimyristoyl-phosphatidyl- 
choline (DMPC) and the photopolymerized butadiene phospholipid in pure D20, as shown 
in Fig. 25. Combined with similar data obtained with an NSE spectrometer for relatively 
high momentum transfers, the UCN data obtained for lower Q values show a linear behav- 
ior of the width AE as a function of Q2. Several dynamical processes were envisaged to 
explain this broadening and its Q2 dependence. The most likely process seems to be lateral 
diffusion of the lipid molecules in the plane of the membrane. Such diffusive processes 
actually produce a Lorentzian broadening with a width that varies linearly with the square 
of the momentum transfer (see Sec. IV.C.2). By analyzing the results in terms of a two- 
dimensional diffusion model, one can obtain the diffusion coefficient DT at various tem- 
peratures. At T = 45"C, one thus obtains D, = 2.6 x le7 cm2s-l. At the same temperature, 
a similar value DT = (2 f 1)  x cm2s-1 was obtained with the excimer probe technique, 
but a much lower value DT = (9 k 1) x lo-* cm2s-l was obtained for DPPC multilayers with 
the photobleaching (FRAP) technique. The difference may come from the fact that the 
FRAP technique measures the DT coefficient over distances of several pm, whereas both 
the UCN and excimer techniques have access to the lipid lateral motion over distances of 
several lattice spacings (about 100 A), which are ten times shorter. 

In spite of its much better sensitivity to any broadening of the quasi-elastic peak, the 
UCN gravity diffractometer,does not seem to have been used for quasi-elastic-scattering 
studies. 
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Fig. 25. Measurement of the broadening width AE of the quasi-elastic peak 
as a function of the square Q2 of the momentum transfer for  a sample 
described in the text. The value of AE for  the lowest momentum transfer was 
obtained with NESSIE. The AE values for  higher momentum transfers were 
obtained with the NSE technique. The temperature of the sample is 
indicated in OC for  each measurement (Pfeiffer et al. 1988). 

VII. COMPARISON OF ULTRACOLD-NEUTRON INSTRUMENTS WITH OTHER 
HIGH-RESOLUTION REFLECTOMETERS 

Although a comparison between instruments is very difficult because it depends greatly 
on the nature and the conditions of the experiments, it is possible to compare some broad 
features of instruments used to measure similar physical quantities. In this respect, it is 
interesting to compare the performance of UCN instruments with that of grazing-angle 
neutron reflectometers, NSE spectrometers, and optical spectrometers. These last three 
instruments are described in Secs. VII.A, B, and C ,  respectively, and the performance of 
these instruments compared with that of UCN spectrometers is summarized in Sec. VI1.D. 
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A. Grazing-Angle Neutron Reflectometers 

Neutron reflectometers are usually operated with thermal or cold neutrons and, for this 
reason, must be used at a very small grazing angle to achieve total reflection (see 
Sec. 1II.A). As an example, let us consider SPEAR used with cold neutrons and the TOF 
method at LANSCE. A schematic view of SPEAR is given in Fig. 26. Some results ob- 
tained with SPEAR on magnetic materials were illustrated in Fig. 23. The longest-wave- 
length band (selected by a frame-overlap chopper) that can be used is from 16 to 32 A. At 
the sample position, the beam cross section is 5 mm high x 25 mm wide, and the flux for 
neutrons, whose wavelengths range between 16 and 32 A, is 2 x lo5 n/cm2s. Reflectivities 
down to can be measured (Goldstone 1995). Over the whole wavelength range from 1 
to 32 A, the momentum transfer varies from 0.007 to 0.3 A-l. The sensitivity to reflectivity 
and the Q range of SPEAR are far better than those of UCN instruments. For long wave- 
lengths, however, the count rate with SPEAR decreases very rapidly with increasing wave- 
length. 

A comparison of the count rate versus resolution width for several wavelengths (or 
energies) is made in Fig. 27 for SPEAR and the UCN gravity diffractometer described in 
Sec. V.B. Data for SPEAR were provided by Smith (1996). Although SPEAR has a much 
higher count rate than the UCN diffractometer for resolutions above 5 to 10 neV, the UCN 
diffractometer can attain resolutions in the neV range, down to about 0.5 neV, for a wide 
range of incident vertical energies. Such high resolutions are beyond the reach of SPEAR 
and similar grazing-angle neutron reflectometers. 

Pulsed 800-MeV 
1 Proton Beam 
i Cold Neutrons 

/ Liquid -Hydrogen 
Moderator Position 

\ Slits 
Fast Neutrons 

4 d = 12.38 m Split 7 * 
Tungs ten 
T a r g e t  

Fig. 26. Schematic of the SPEAR grazing-angle neutron spectrometer (From the Tip 
of the LANSCE 1993) installed at the LANSCE short-pulse spallation source (SPSS).  
A collimated beam of cold neutrons from a liquid-hydrogen moderator is incident at 
grazing angle on a horizontal sample. The angle of the neutrons scattered by the 
sample is analyzed with a position-sensitive detector; the energy of the neutrons is 
analyzed by the TOF method. 
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Fig. 27. Count rate versus resolution width (FWHM) for the UCN gravity diffractometer installed 
at the ILL and SPEAR (Smith 1996). Resolution widths and energies are given for the vertical 
motion of the incident neutrons. The sample size is 5 x 15 cmz for the UCN gravity diffractometer 
and 25 cmz f o r  SPEAR. 

Because SPEAR is used with the TOF method and with a broad energy band of incident 
neutrons, no quasi-elastic measurements are possible with this instrument (or any other 
similar TOF instrument). 

A high-resolution grazing-angle neutron reflectometer is being considered at the ILL, 
which would use a vertical sample and would have a much improved resolution compared 
with that of SPEAR. This new instrument is still in the design stage, and its exact perfor- 
mance is not yet known (Timmins and Lauter 1996). 

B. NSE Spectrometers 

The NSE technique is widely used in high-resolution quasi-elastic scattering measure- 
ments (Mezei 1980, BCe 1988). In the NSE technique, the neutron velocities are directly 
compared before and after scattering, as illustrated in Fig. 28. The incident neutrons are 
first monochromatized with a fairly broad resolution and then polarized before they enter a 
region having a longitudinal magnetic field Ho. These incident neutrons, whose polariza- 
tion is perpendicular to Ho, undergo Larmor precessions along this magnetic field before 
reaching the sample. After scattering, the neutrons precess in the opposite sense along 
another magnetic field HI. The difference between the two precession angles for each 
neutron results in a change in polarization, which is analyzed at the detector. 
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Fig. 28. Larmor spin precession of polarized neutrons along a longitudinal 
magnetic field before and after scattering by a sample. The neutron polarization P,, 
along the initial polarization axis, which is perpendicular to the magnetic field, is 
plotted as a function of the distance traveled by  the neutrons in the lower part of 
the figure (Be'e 1988). 

The precession angle (P for a neutron of velocity v along a distance 1 around a magnetic 
field Ho is given by the following formula: 

(P'Yn-7 1HO 

where 'yn is the neutron gyromagnetic ratio. The total phase $ acquired by an incident 
neutron of velocity vo traveling a distance 1, in magnetic field Ho and then scattered at 
velocity v1 before traveling a distance 1, in magnetic field H1 (whose direction is opposite 
to that of Ho) is the difference between the phase <p0 acquired along the path of length 1, and 
the phase <pl acquired along the path of length l1, as given by the following formula: 

The energy transfer tio during the scattering process is equal to 
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The phase difference $ and the energy transfer ho are therefore related to each other 
through Eqs. (67) and (68). The neutron polarization P, at the end of the whole process is 

P,=cos$ . 

The NSE spectrometer can be set to $ = 0 for elastic scattering (vo = vl). This implies 
that loHo = l1H1. In the case of a small energy exchange Ao in a process like quasi-elastic 
scattering, a phase change A$ will occur as a result of a change in velocity after scattering. 
By differentiating Eqs. (67) and (68) with respect to vl, assuming that vo is fixed, one 
obtains the following relation between A+ and o: 

with 

The polarization of the neutron beam at the end of the spectrometer is 

P, = COS A$ . 
+ 

For a sample having a scattering function S(Q,o), which gives the probability that -P 

neutrons are scattered with an energy change Am, for a given momentum transfer Q, the 
neutron polarization at the end of the spectrometer is 

Therefore, the measurement of the final neutron polarization obtained with the NSE 
technique gives the Fourier transform PNsE of the scattering function, i.e., the intermediate 
scattering function F(6,t) defined in Sec. 1V.B. This intermediate scattering function is 
obtained from several measurements made with different values of the parameter 'TNSE. In 
the case of pure elastic scattering and no broadening by experimental effects, P, is constant 
for all values of zNSE. In the case of pure elastic scattering measured with a nonzero experi- 
mental resolution R(Ao), P, will show a variation with 'TNSE. If R(Ao) is a Lorentzian 
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of total width yexp, the Fourier transform of this function is an exponential called PfisE, 
which is equal to 

Therefore, the slope of log PgSE as a function of t = TNSE gives the width of the resolu- 
tion function. If the scattering function for quasi-elastic scattering is also a Lorentzian of 
total width r given by 

the Fourier transform of this function is also an exponential exp(-rt), which would be 
directly obtained from PNSE measurements made with perfect resolution. 

The experimental quantity P$\ obtained from a measurement of the scattering function 
given by Eq. (76) with an NSE spectrometer having a resolution function given by Eq. (74) 
is the product of the exponentials exp(-yeXpt) and exp(-rt): 

Spectroscopists using the NSE technique often use the concept of spectral resolution, 
which is defined as the width ySr of a fictitious narrow quasi-elastic peak which would 
cause a small broadening of the experimental resolution R(Aa). Somewhat arbitrarily, this 
spectral resolution is defined as causing a 5% decrease of PfiSE in the NSE results at the 
maximum value T,,, of the time parameter T ~ ~ ~ ,  as illustrated in Fig. 29. Under these 
conditions , 

This means that the spectral resolution is then defined as 

y,, x T,, = 0.05 

independent from the width yexp of the resolution function (Gahler 1995). 
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Fig. 29. Usual definition of the spectral resolution of an NSE spectrometer. For pure 
elastic scattering measured with perfect resolution, the neutron polarization P, versus 
zNSE is constant (called Pidea, on this figure) up to the maximum experimental value z,,,,,of 
z,,,. For pure elastic scattering measured with nonzero experimental resolution, the 
measured neutron polarization PGE decreases as a function of z,,,. For quasi-elastic 
scattering measured with the same experimental resolution, the measured 
polarization P z E  decreases faster than PGE as a function of zNSp 

Most of the results on quasi-elastic scattering using the NSE technique were obtained 
with the IN1 1 NSE spectrometer at the ILL. A schematic of this instrument is given in 
Fig. 30. The incident neutrons coming from a cold source have wavelengths between 4.5 A 
and 12 A. These neutrons are monochromatized (with a wavelength resolution of about 
20%) with a velocity selector and longitudinally polarized with Fe-Ag supermirrors. A first 
d2-flipper coil turns the neutron polarization perpendicular to the magnetic field Ho. After 
precessing around the field H, and scattering from the sample, the neutrons are reversed in 
polarization by a 7c flipper before they precess in the opposite direction around the field H,. 
At the end of this precession, the neutron polarization is again turned by a n/2 flipper 
before being analyzed by Co-Ti supermirrors. 

to 1.5 x 
4 A and from 0.015 to 1.35 A-1 at 8 A. In favorable cases, a quasi-elastic peak broadening 
down to a few neV has been claimed. The resolution is usually quoted for a small neutron- 
beam divergence (0.5" x OS"),  but the resolution deteriorates as the divergence is in- 
creased. At the maximum divergence (1.2" x 1.2"), the sample size is 30 mm in diameter, 
and the resolution is about 30% broader than with a small collimation. The count rate is 
maximum for wavelengths between 4 A and 5 A and is then of the order of a few counts 
per second for a 5% isotropic scatterer sample (Dagleish et al. 1980). At 9 A, the count rate 
is reduced by a factor of about 8. An example of the numerous results obtained with IN1 1 
is given in Fig. 3 1 where the width of the quasi-elastic peak was measured as a function of 
momentum transfer for a sample of immunoglobulin in D20 solvent. The width is found to 
vary linearly with Q2, which is typical of a diffusive process for which the diffusion con- 
stant D, can be obtained (Sec. 1V.C). 

The IN1 1 instrument allows a spectral resolution ranging from 3.3 x 10-7eV at h = 4.5 A 
eV at h = 12 A. The momentum transfer ranges from 0.03 A-1 to 2.7 A-1 at 
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Schematic view of the IN1 I NSE spectrometer. 
transitions of the neutron spin along 

the instrument are indicated. In contrast to 
Fig. 28, a R neutron flipper is inserted after the 

sample, and the magnetic field H ,  is parallel to 
modifications do not change the 

principle of operation of the spectrometer 
(Be'e 1988). 

Q (A-1) 

Fig. .31. Total width r of the quasi- 
elastic peak plotted as a function of 
momentum transfer Q, f o r  a sample of 
immunoglobulin G in D,O solvent. The 
measurement points (open circles with 
error bars) were obtained with the IN11 
NSE spectrometer. The solid line is a f i t  
to these data (Ibel 1994). 

49 



Another NSE spectrometer was recently constructed at the Laboratoire LCon Brillouin in 
France with spatial and spectral resolutions improved by about a factor of 2 compared with 
those of IN1 1. But a major improvement to the NSE technique will come with a new NSE 
spectrometer, called IN15, in construction at the ILL to optimize the IN1 1 design for 
neutron wavelengths between 8 A and 20 A. With IN15, which is expected to be opera- 
tional around 1998, measurements with momentum transfers between 0.001 A-' and 0.4 A-l 
will be possible. Spectral resolutions down to 0.1 neV, which is about 20 times better 
compared with the resolution of IN1 1 , are anticipated. At 8 A, the count rate of IN15 is 
anticipated to be about twice that of IN 11, 

The NSE technique has so far proved to be very powerful and is expected to provide 
resolutions improved by about one order of magnitude in the next few years. 

C. Optical Spectroscopy 
Quasi-elastic light scattering makes possible the observation of translational and rota- 

tional motions over scale lengths of the order of the wavelength of light or near-ultraviolet 
radiation with very small momentum transfers (below 5 x 
gap of one order of magnitude between the momentum transfer by optical spectroscopy and 
that of the low-Q limit of the best existing neutron spectrometers (IN1 1 and the UCN 
gravity diffractometer). The lowest momentum transfer attained by the new generation of 
NSE spectrometers (IN 15) will, however, approach that of optical spectroscopy. 

Neutrons and light do not probe the same sample properties. With the exception of 
magnetic scattering, neutrons probe nuclear motions. In contrast, infrared and Raman 
spectroscopy relates to motion-induced reorientations and deformations of electron shells, 
Le., to changes in molecular dipole moment and polarizability. Models, therefore, have to 
be developed for the coupling between the physical quantities studied by neutrons and 
light. 

A-1). Therefore, there is a 

D. Summary of the Performance of High-Resolution Instruments 
From the technical information provided about UCN instruments (Sec. V) and other 

instruments such as neutron reflectometers (Sec. VILA), NSE spectrometers (Sec. VILB), 
and optical devices (Sec. VII.C), one may attempt to compare the performance of these 
instruments. 

sensitivity over a wider Q range than UCN instruments. On the other hand, UCN instru- 
ments provide reflectivity measurements with a resolution better than 1 neV, which is 
today beyond the reach of grazing-angle reflectometers. The advent of future UCN sources 
that could be more intense by two orders of magnitude than existing ones would improve 
the sensitivity of the UCN gravity diffractometer to reflectivity measurements down to 
about which is the present sensitivity of SPEAR. But the very small Q range of the 
UCN gravity diffractometer (0.01 A-' < Q < 0.015 A-') would permit the use of this in- 
creased sensitivity over a limited range of reflectivities and only for a limited number of 
samples: for example, those having a very small positive or a negative UCN potential. 
Also, the use of the TOF method gives an overwhelming advantage to the TOF grazing- 
angle reflectometers compared with the UCN gravity diffractometer, which is used in 
point-by-point measurements. But TOF grazing-angle neutron reflectometers are not suited 
for quasi-elastic scattering studies. 

For purely elastic reflectivity studies, grazing-angle neutron reflectometers have a higher 
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The instruments that can be used in quasi-elastic scattering studies can be compared in 
the Q-o plane, as in Fig. 32. The lowest values of momentum transfers are now obtained 
with optical spectroscopy (Q < 5 x A-l). The existing NSE spectrometers can achieve 
resolutions down to about 8 neV at 8 A over Q values ranging from 0.015 A-1 to 1.35 A-l, 
but they can achieve resolutions of only 330 neV at 4 A over Q values ranging from 
0.03 A-1 to 2.7 A-l (these figures are for the NSE instrument IN1 1.) At the present time 
there is a gap between 0.015 A-1 and 5 x A-l for the Q ranges covered by NSE and 
optical spectrometers. This gap is partially filled by UCN instruments, which have excel- 
lent resolution (especially the gravity diffractometer) but over a very limited Q range. This 
gap may also be filled in the next few years by the new generation of NSE spectrometers 
(IN15) whose Q range (Q > low3 A-l) may overlap with that of optical techniques. How- 
ever, the resolution of the UCN gravity diffractometer will still remain far better than that 
of any other neutron instrument. As far as the count rate is concerned, the UCN 
diffractometer used with existing UCN sources has a count rate about one order of magni- 
tude below that of IN1 1 in spite of the fact that this diffractometer can be used with much 
larger samples without deterioration of the resolution. With more intense UCN sources, a 
UCN diffractometer could be operated with a count rate comparable with that of IN1 1 and 
perhaps of IN 15. 
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UCN Gravity 
Diffractometer 1 ;  I I I , 

103 1 0-2 1 0-1 1 i o  Q(A-') 
Fig. 32. Comparison of some high-resolution instruments in the Q-Ao plane. The range 
Q < 5 x 10-3 A-1 is covered b y  optical spectroscopy. The best possible spectral resolution achieved 
with IN11 is shown as a function of Q for A, = 4 A and il = 8 A. Shaded areas correspond to 
samples of different sizes. The performance of the instrument project IN1 5 is shown as a dashed 
line for 8 A < L e 20 A. The performance of NESSIE and of the neutron gravity diffractometer is 
also shown f o r  comparison. The resolutions of these two UCN instruments are directly comparable 
with the spectral resolutions of the NSE instruments. 



VIII. NEUTRON MICROSCOPES 

UCNs are also used in neutron microscopes. The idea of a neutron microscope was first 
put forward in the early 1970s (Frank 1972). Several arrangements of mirror-optics systems 
have been designed and tested for performing a three-dimensional focusing of very cold 
neutrons and UCNs (Frank 1992). Most of the tests were made with slits and sharp edges, 
but in a few cases some macroscopic neutron images of specimens have also been obtained. 
This discussion is restricted here to UCN microscopes. 

In contrast to all other probes used in microscopy, the neutrons used in a UCN micro- 
scope interact with the nuclei in the specimen under study, except for magnetic samples. 
The neutron contrast obtained in a UCN microscope, therefore, reflects the nuclear compo- 
sition of the sample and is different from that obtained with other radiations. Because UCN 
trajectories are strongly affected by the earth’s gravitational field, a UCN microscope will 
be subject to specific gravitational aberrations, which have to be corrected in an achromatic 
instrument. The simplest type of UCN microscope is composed of two mirrors. The most 
recent results with UCN microscopes were obtained at the two most intense UCN sources 
in the world installed at the ILL (France) and Gatchina (Russia). 

A schematic of the UCN microscope used at the ILL appears in Fig. 33 (Steyerl and 
Malik 1986, Steyerl et al. 1988, Herrmann et al. 1985). The microscope is composed of a 
primary large, concave, parabolic mirror (radius of curvature R, = 585 mm, diameter 
$ = 200 mm, coated with 28Ni) and a second smaller, convex, spherical mirror (radius of 
curvature R2 ranging from 0.58 m to 1.6 m, diameter @ = 45 mm, coated with natural Ni). 
These mirrors are situated atop each other. They have the same vertical axis, and their focal 
points are at the same location (confocal arrangement). After reflection by these two mir- 
rors, the UCNs are focused onto a small image mirror (17 x 17 mm2), which reflects the 
UCNs to a BF, detector through an inclined guide tube. Scanning the image is achieved by 
moving the image mirror in the image plane. The design, including a suitable choice of 
dimensions and the use of the highest point of the parabolic trajectory, makes possible the 
compensation of the two lowest-order chromatic aberrations. Higher-order chromatic 
aberrations cannot be eliminated, but they can be reduced by a coarse monochromatization 
of the UCN beam at the entrance of the microscope. Geometrical aberrations were reduced 
by the use of a parabolic shape for the primary mirror, which is responsible for most of the 
magnification. 

Magnification factors of up to 240 with a spatial resolution of about 10 pm were ob- 
tained with this instrument installed at the ILL. The magnification factor can be adjusted by 
varying the radius R2 of the second mirror. An illustration of these results is given in 
Fig. 34 for a 0.4 x 2 mm2 slit scanned by the image mirror. There were no images of more 
realistic objects made with this instrument. 

Another two-mirror UCN microscope was developed in Russia and was used at the UCN 
beam of the Gatchina Institute of Nuclear Physics. This beam has a flux that is comparable 
with that of the ILL (Arzumanov et al. 1986). The Gatchina system is composed of two 
concave mirrors with radii of curvature R, and R2 of about 20 and 30 cm, respectively 
(Fig. 35). A thin layer of a 48Ni-Mo alloy is vacuum-deposited on these two mirrors, which 
makes total reflection possible for all neutrons with velocities below 8 m/s. The sample 
under study is located at the focal point of the first mirror. The distance d between the two 
mirrors satisfies the following condition: 

R I + R 2 = 6 d ,  (81) 
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Fig. 33. Schematic of the two-mirror 
UCN microscope installed at the ILL. 
Beam tailoring and reflection of erratic 
neutrons are achieved with beam stops, 
numbered I to 5 (Steyerl et al. 1988). In 
this figure, the object is a movable slit. 
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Fig. 34. Example of the results obtained with the UCN microscope shown in Fig. 33. A slit of 
0.4 mm in width and 2 mm in length is scanned by the microscope. The setting of the instrument in 
this measurement was the following: R, = 1.6079 m, Ad, = 0.29 mm, d ,  = 924.2 mm, M = -79, and a 
UCN characteristic velocity of (6.68 f 0.5) m/s. The edge of the observed trapezoid is determined 
by the effective image mirror size q = 16.2 mm and the magnification factor M = -79. The 
aberration limit of 10 p m  to the resolution is derived from the corner blurring (Steyerl et al. 1988). 
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Fig. 35. Schematic of the two-mirror UCN 
microscope installed at the UCN source of the 
Gatchina Institute of Nuclear Physics (Russia): 
( 1 )  photographic film, (2)  image Converter, 
(3) optical fiber, ( 4 )  scintillator sensitive to UCNs, 
(5)  concave mirrors of the optical system, 
(6)  shield against direct radiation, (7) sample, 
(8,9) neutron ducts, and (10) auxiliary system 
(Arzumanov et al. 1986). . 

which provides first-order achromatization in both magnification and position. A UCN 
detector is placed in the image plane where the optical magnification M is about M = 1.4. 
The UCNs are detected in a thin coating of LiF through the 6Li(n,a) reaction. The UCNs 
can easily penetrate the LiF coating because it contains about equal amounts of the two 6Li 
and 7Li isotopes, which have scattering lengths of comparable amplitude but of opposite 
signs. The a-particles from the 6Li(n,a) reaction are detected in a thin layer of a ZnS 
scintillator placed against the LiF coating. The light from the scintillations is extracted with 
an optical-fiber bundle and intensified by an image converter before being recorded on 
film. 

An illustration of the results obtained with this microscope is given in Fig. 36. These 
results were obtained from a sample made of nickel (which has a high reflection for UCNs) 
formed by photolithography on a silicon wafer (which has a low reflection for UCNs). The 
spatial resolution was about 200 pm after an exposure time of 2.5 h. This first UCN image 
of a two-dimensional structure demonstrates the existence of a nuclear contrast in UCN 
optics (Arzumanov et al. 1986). 
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Fig. 36. Illustration of the results obtained with the UCN microscope shown 
in Fig. 3.5. The lower left part of the figure shows the phototemplate from 
which the test specimen was fabricated. The top part of the figure shows the 
UCN image of this specimen. Dark regions correspond to nickel coating in 
the specimen (Arzumanov et al. 1986). 

Improvements of UCN microscopy include the use of more complicated mirror systems 
such as four-mirror ones (Arzumanov et al. 1984, Steyerl et al. 1988), which have better 
optical performance than two-mirror systems. For example, four-mirror instruments can be 
designed to be aplanatic, to eliminate longitudinal aberration to third order, and to elimi- 
nate transverse aberration to second order. The aberration limit of such systems could be of 
the order of a few pm. 

Another method proposed to reduce gravity aberrations is to compensate for gravity by 
applying a magnetic field in the region of the UCN trajectories (Skachkova and Frank 
198 1). More precisely, gravity can be canceled by using a suitable magnetic field gradient 
that would obey the following relation: - 

V(pn.B) + mgk = 0 

This method requires the use of polarized neutrons and a uniform magnetic field gradient 
of 1.7 x 
cannot be applied to the entire system, spatial resolutions of a few pm look possible 
(Golub et al. 1991). 

There were plans to use these UCN microscopes to study surface magnetism and spatial 
distribution of hydrogenous structures in biological specimens, but apparently these 
projects never materialized. The possibility of exploiting the potential of these instruments 
depends crucially on the development of more intense UCN sources. For a resolution of 
1 pm, the ILL UCN source would give a flux of 6 x 
0.2 UCN per hour for a pm2 resolution element. A significant increase in the strength of 
UCN sources is, therefore, necessary to make full use of the potential of UCN microscopes. 

Tcm-l. Although, for practical reasons, such a large magnetic field gradient 

nlpm2s, i.e., a count rate of 
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IX. CONCLUSIONS 

This survey shows the interest that more intense UCN sources would present for con- 
densed-matter studies. Of the two UCN instruments considered here, the UCN gravity 
diffractometer has performance significantly Superior to that of the UCN spectrometer 
NESSIE. This diffractometer has much better resolution, a higher count rate, and is less 
bulky and much easier to operate than NESSIE. 

A UCN gravity diffractometer occupies a special niche in the set of neutron instruments 
used for condensed-matter studies because of its excellent resolution in a narrow but well 
located range of Q values. This excellent resolution, which has been demonstrated in many 
textbook experiments in quantum mechanics, surpasses that of any other existing neutron 
instrument and of new instruments foreseeable in the near future. However, purely elastic 
reflectivity studies usually necessitate measurements over a wide range of reflectivities 
(down to very low values of about 
with neV resolution in a narrow range of Q values. Such wide ranges of reflectivity and 
momentum transfers are presently out of the reach of UCN instruments. An increase in 
UCN-beam intensity by two orders of magnitude, which is envisaged for the next genera- 
tion of UCN sources, would improve the sensitivity of reflectivity measurements with UCN 
instruments by the same amount. This sensitivity would then match that of existing graz- 
ing-angle neutron reflectometers. But reflectivity measurements with UCN instruments 
would still be limited in range by the small and narrow window of Q values available with 
these instruments and would also be restricted to a small number of sarnples that are re- 
stricted by their UCN potential. Moreover, the use of the TOF method gives a tremendous 
advantage to TOF grazing-angle reflectometers. 

In spite of these shortcomings, the excellent resolution of UCN instruments could be 
used in some specific cases: for example, in the study of thick films with a critical edge 
below Q = 0.01 A-*. Film thicknesses of = 5,000 A are the upper limit of what can be 
examined with typical reflectometers in use today. But the narrow and closely spaced 
fringes obtained in reflectometry of thick films could be explored and resolved with the 
excellent resolution of UCN instruments, which is approximately one order of magnitude 
better than the resolution of standard reflectometry. Density profiles below surfaces could 
then be determined up to length scales of several pm. This type of study could be applied 
to several types of industrial problems, which are not accessible with conventional reflecto- 
meters. Such applications might include metallic passivation layers (used to prevent oxida- 
tion or corrosion of surfaces), paints, and more general corrosion problems, to name a few. 

The study of magnetic surfaces should a priori be an asset for UCN instruments because 
of the ease with which incident UCNs can be polarized and the polarization of scattered 
UCNs analyzed. But this apparently interesting possibility still remains largely unexplored, 
probably because of the developments of competitive, intense sources of polarized elec- 
trons, which can be used for similar purposes (Dubbers 1995). A more detailed study of the 
relative merits of polarized electrons and UCNs for the study of magnetic surfaces still 
remains to be done. 

A UCN gravity diffractometer could also be used in the field of quasi-elastic 
neutron scattering, which cannot be carried out with TOF grazing-angle reflectometers. 
Quasi-elastic scattering can presently be studied with optical spectrometers below 
Q = 5 x 

and momentum transfers rather than measurements 

A-l and with NSE spectrometers above Q = 0.015 UCN instruments 
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partially fill the Q-value gap between optical and NSE instruments. Moreover, the resolu- 
tion of a UCN gravity diffractometer is two to three orders of magnitude better than that of 
existing NSE spectrometers. Therefore, a UCN instrument can very well supplement opti- 
cal and NSE spectrometers, but it cannot replace them because of its too limited Q range. 
UCN instruments can also supplement these two types of instruments for other reasons. 
First, neutrons and EM waves do not probe the same microscopic sample properties, and 
models are needed to relate neutron and optical experimental results. Second, although 
UCN and NSE spectrometers use the same probe, they do not measure2he same physical 
quantity. UCN instruments directly measure the scattering function + S(Q,o), whereas NSE 
instruments giv2 access to the intermediate scattering function F(Q,t), which is the Fourier 
transform of S(Q,o). Finally, from a more pragmatic point of view, NSE instruments accept 
samples only in the vertical position, whereas a UCN gravity diffractometer can accommo- 
date both horizontal and vertical samples. UCN instruments can therefore be used in the 
study of liquid and other samples that can be analyzed only in the horizontal position. 
Therefore, UCN and NSE instruments can supplement each other, depending on the nature 
of the physical processes and on the characteristics of the samples under study. 

expected to bridge the gap in Q values between those of the existing NSE and optical 
spectrometers. But the resolution of these new NSE instruments will still be broader by one 
order of magnitude than that of the UCN gravity diffractometer, and the general comple- 
mentary aspects between optical, NSE, and UCN instruments already discussed should still 
remain valid. 

The main weakness of UCN instruments resides in their low count rate, which is a conse- 
quence of the low intensity of existing UCN sources. If more intense UCN beams were 
built, they would generate a renewed interest in UCN instruments of the gravity- 
diffractometer type, whose count rate would then become comparable with that of NSE 
spectrometers. Quasi-elastic scattering measurements of increased sensitivity would give 
access to slow motions of macromolecules in polymers and biological samples. Although 
these samples would need large areas to compensate for the low intensity of UCN instru- 
ments, they could be made very thin because of the small penetration depth of UCNs, with 
the consequence that the overall volume of each of these samples would remain small. 

Among the new UCN sources under consideration, those of superfluid helium could 
produce UCN densities inside the liquid-helium bath several orders of magnitude higher 
than those of existing UCN sources (Golub and Lamoreaux 1994, Lamoreaux 1995a, Golub 
1995). Although the main use of this type of UCN source would be for fundamental physics 
(for example, measurement of the neutron electric dipole moment), a small hole in the wall 
of such a source would produce a UCN leak source with a high brilliance, which could be 
used with a UCN spectrometer of the NESSIE type (Lamoreaux 1995b). 

for the study of macroscopic objects and supplement microscopy results obtained with 
other probes such as electrons or EM radiation. The use df polarized UCNs in neutron 
microscopy would also make it possible to explore the microscopy of magnetic structures. 

In the future, the new generation of NSE spectrometers (IN15) under construction is 

Finally, more intense UCN sources could also reactivate the field of neutron microscopy 
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