
Chapter 9

Thermal Neutron Holography

B. Sur, R.B. Rogge, V.N.P. Anghel, and J. Katsaras

Abstract X-ray and neutron diffraction techniques have for almost a century
produced results that provide important insights into materials of interest to
a wide range of scientific and technological disciplines. However, traditional
diffraction techniques have their limits, and these limits are best exemplified
by the fact that certain important materials (e.g., integral proteins) are
difficult if not impossible to crystallize — diffraction techniques usually
require high-quality single crystals. Recently developed atomic resolution
X-ray and neutron holography techniques offer the promise to resolve the
structures of difficult-to-crystallize materials to atomic resolution. This chap-
ter will discuss the latest developments in neutron holography and the
challenges that must be overcome to make the technique a viable tool.

Keywords X-ray holography � Neutron holography � Inside source
holography � Inside detector holography � Protein crystallography

9.1 Introduction

Holography can be traced to Bragg’s [1] X-ray work and Gabor’s [2] electron
interference microscope. Although the technique lay dormant for a number of
decades, there has been increasing interest in its development as implied by the
increasing number of publications on atomic-resolution holography using
either electrons [3–7] or hard X rays [8–13]. Moreover, the feasibility of
atomic-resolution thermal neutron holography, either the ‘‘inside source’’ or
‘‘inside detector’’ type, was experimentally demonstrated [14–16], and a theory
was developed showing that the diffraction pattern of plane waves incident on
a sample with a uniformly random distribution of incoherent scatterers
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(e.g., 1H in a polymeric material) per unit cell is the same as that from a sample
with a single incoherent scatterer per unit cell [17]. There is interest in the
possibility of using neutron holography to reconstruct, to atomic resolution,
the three– dimensional (3D) structure of materials rich in hydrogen that are
presently difficult to crystallize (e.g., membrane-associated proteins).

Dennis Gabor (1900–1979) developed holography as a technique to improve
the resolution of the electronmicroscope while working for the British Thomson-
Houston Company (Rugby, England). A patent was filed in 1947 [18], but the
general field did not advance until the invention of the laser [19, 20] (the process
of stimulated emission was first theorized by Einstein in 1917) [21]. The first 3D
holograms were made by Denisyuk [22] in 1962 (reflection hologram) and later
that year by Leith and Upatnieks at the University of Michigan (transmission
hologram) [23]. Since then, optical holography has been extensively used in
optical devices (e.g., holographic lens for heads-up displays), security (e.g., credit
cards), scanners, computer memory storage, medicine, and a variety of other
applications. For example, holographic interferometry is a precise technique for
measuring changes in the dimensions of an object, and digital cameras with
holographic capabilities are able to focus in poor contrast conditions.

For many decades, X-ray diffraction has been relied upon to determine the
3D structure of a number of crystalline materials, the prerequisite being a very
high-quality single crystal. However, even when the requisite sample was made
available, the technique suffered from the so-called ‘‘phase problem’’ — that is,
the phase information was not recorded. As a result, a number of isomorphous
crystals had to be grown to allow for the direct solution of molecular structure—
at increased cost and time. It should also be pointed out that, in some cases,
isomorphous derivatives were impossible to produce. Recently, however, syn-
chrotron sources with their tunable X-ray beams have revolutionized crystal-
lography by allowing the development of multiple-wavelength anomalous
dispersion (MAD), a technique used to obtain reliable phase information.
Now a single crystal serves the purpose of several different metal-containing
crystals and has the added advantage of faster data collection times. Despite
these advances, the need for high-quality crystals remains.

Both holography and crystallographic techniques, such as MAD, solve the
phase problem in the case of 3D materials. Holographic techniques, however,
have the added advantage that only orientational order is required; that is,
translational symmetry is not necessary. In addition to imaging crystalline
materials, holography is also suitable for imaging noncrystalline materials (e.g.,
nematic liquid crystals) or poorly crystallized membrane-associated proteins.

Although the idea of atomic-resolution holography has its roots in Bragg’s
[1] X-ray work and Gabor’s [2] electron interference microscope, atomic-
resolution holography did not evolve until Szöke [24] pointed out that photo-
excited atoms within a sample emit highly coherent outgoing electrons or
fluorescent X rays. The interference between the unperturbed wave from the
photoexcited atom (reference wave) and waves scattered from neighboring
atoms (object waves) thus permitted the realization of atomic-resolution
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holography (Fig. 9.1). Of course, evidence for atomic-resolution holography

existed as far back as the early twentieth century in the experiments of Kikuchi

[25] and Kossel [26].

9.2 Atomic-Resolution Holography

There are two kinds of holographic methods capable of atomic resolution:
inside source and inside detector. The inside source method [24] uses some of
the atoms making up the sample as independent sources of coherent illumina-
tion. In the case of X-ray holography and certain types of electron holography
(e.g., Auger holography), the radiation generated by atomic de-excitation
manifests itself in the form of nearly spherical waves (S waves). This radiation
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Fig. 9.1 (A) Schematic depiction of second-order plane-wave scattering. The incident neutron
plane wave �inc interacts with an atom at r1, producing a primary spherical wave (Swave) �I.
This primary S wave interacts with a second atom at r2, producing a secondary S wave �II.
The interference between the primary and secondary Swaves leads to an intensity modulation
(hologram) detected at R. The detected intensity (evaluated for incident and detected wave
vectors, kin and kout) is given as I ¼ ��I�I þ 2Re ��I�II

� �
þ��II�II. Figure adapted from Sur

et al. [17]. See Ref. [17] or Sect. 9.5 of this paper for details
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can either pass through the sample unperturbed (reference wave) or be scattered
by the surrounding atoms (object wave). The interference between the reference
and object beams produces the hologram.

In the inside detector method developed by Gog et al. [9, 27], the inside source
holography beampaths can be reversed and the source and detector exchanged. In
otherwords, an incident planewave can reach the photoexcitable atom in a crystal
unperturbed (referencewave) or after it has scatteredoff other atoms in the sample
(object wave). The interference between these two beams dictates the fluorescence
intensity givenoff by thephotoexcitable atom,which is now thedetector.When the
incident beam is scanned, the phase relation between the reference and object
waves leads to oscillations of the fluorescent intensity [28] and forms a hologram.

9.3 Neutrons

In 1932, James Chadwick [29, 30] discovered the neutron — first postulated by
Rutherford [31]—a neutral, subatomic elementary particle found in all atomic
nuclei except hydrogen nuclei. A neutron’s mass is similar to that of a proton,
but a neutron possesses a nuclear spin of ½ and a magnetic moment. Neutrons
are stable only when bound in an atomic nucleus; an unstable free neutron has a
mean lifetime of approximately 900 s and decays into a proton, an electron, and
an antineutrino [32].

Even though the neutron’s interaction with atomic nuclei is weak, the
scattering power (cross section) of an atom is not related to its atomic number.
Therefore, neighboring elements in the periodic table can have substantially
different scattering cross sections. It is important to note that the interaction of
a neutron with the nucleus of an atom allows for an element’s isotopes to be
differentiated. An example is the isotopic substitution of 1H (hydrogen) for 2H
(deuterium), a technique commonly used in the study of polymeric and bio-
logically relevant materials. Hydrogen has a negative coherent scattering length
(bcoh = –3.74 � 10–15 m), lending it ‘‘contrast’’ when surrounded by other,
positive-scattering-length atoms. For biological samples, intrinsically rich in
hydrogen, judicious substitution of 2H (bcoh = +6.67 � 10–15 m) for 1H
provides a powerful method for selectively tuning the ‘‘contrast’’ of a given
macromolecule. One can therefore accentuate or nullify the scattering from
particular parts of a macromolecular complex by selective deuteration [33]. Of
importance to holography is that 1H has a large incoherent cross section
for thermal neutrons (�i = 80 barns), producing S waves similar to the de-
excitation of a photoexcitable atom in X-ray holography. Unlike forms of
electromagnetic radiation that interact primarily with electrons, neutrons inter-
act directly with nuclei and are, to first order, equally capable of imaging light
atoms and heavy atoms. Consequently, atomic-resolution holographic images
of materials comprising entirely light atoms can be obtained, a great advantage
in the study of polymers and biologically relevant materials.
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Neutrons suitable for scattering experiments are presently being produced
either by nuclear reactors (e.g., the 120-MW National Research Universal
[NRU], Chalk River, Ontario) via the fission of uranium nuclei or by spallation
sources (Spallation Neutron Source, Oak Ridge, Tennessee), in which acceler-
ated subatomic particles (e.g., protons) strike a target (e.g., tungsten, lead, or
liquid mercury), spalling neutrons from the target material’s nuclei (for further
details, refer to the instrumentation chapter, which is online at http://
www.springer.com/series/8141).

9.4 Neutron Holography and K Lines

The feasibility of atomic-resolution neutron holography was discussed by Cser
et al. [34] on the basis of the large incoherent thermal neutron cross section
exhibited by 1H atoms. Experimentally, neutron holography was demonstrated
by Sur et al. [14] using a single crystal of natural simpsonite, a rare oxide mineral
of aluminum and tantalum first discovered in western Australia [35] in 1939.
The mineral, with the chemical formula Al4Ta3O13(OH), was examined using
X-ray diffraction [36] in the same year as its discovery; more recently, X-ray
diffraction has been used to determine the crystal structure in the trigonal space
group P3 with unit cell parameters a = 7.386(1) Å and c = 4.516(1) Å [37].
More important, simpsonite contains only one 1H atom per crystallographic
unit cell and was shown to lend itself ideally to holographic reconstruction.

The following year, Sur et al. [15] reported the observation of K lines
(representing, collectively, Kossel and Kikuchi lines) produced by monochro-
matic thermal neutrons interacting with a potassium dihydrogen phosphate
(KDP) single crystal.K lines contain phase information, further establishing the
experimental basis for direct crystallographic phasing of atomic structures
containing incoherent scatterers via thermal neutron inside source holography.

The interaction of single-frequency plane waves with a periodic potential,
formulated in the Born approximation, produces diffraction intensities in
discrete directions commonly known as Bragg reflections. Similarly, single-
frequency S waves interacting with a 3D periodic potential (e.g., an atomic
lattice) give rise to sharp conical intensity variations. Viewed on a surface, the
conic sections appear as lines.

Nearly spherical single-frequency electromagnetic waves are obtained by
electronic de-excitations of atoms (e.g., fluorescence, photoemission) within
the crystal sample itself, an ‘‘inside source,’’ or a source in close proximity to
the sample. In 1922 Clark and Duane [38] predicted the resulting line structures
for X rays, which were experimentally observed using a single crystal of copper
in 1934 by Kossel, Loeck, and Voges [26]. For X rays, such lines are therefore
commonly referred to as Kossel lines. A theoretical explanation was subse-
quently provided in 1935 by von Laue [39]. Spherical waves can also be gener-
ated by dynamical effects (e.g., multiple and inelastic scattering); the resulting
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lines were first observed byKikuchi [25] in electron scattering studies usingmica
plates of varying thicknesses. Thus such lines are generally referred to as
Kikuchi lines. In the present case, thermal neutron S waves are generated by
incoherent elastic scattering from hydrogen. The fundamental scattering pro-
cess that gives rise to the characteristic lines — S wave interaction with the
crystal lattice — is the same as for Kossel and Kikuchi lines; therefore, they are
collectively referred to as K lines.

The K line intensity pattern depends on the relative position of the periodic
scatterers with respect to the S wave source (i.e., the crystallographic phase of
the scattering structure function). Thus K lines provide the signal for direct 3D,
atomic-resolution imaging techniques (holography) for single crystals via the
inside source or inside detector concept.

Atomic nuclei are, to a very good approximation, point or pure S wave
scatterers of thermal neutron waves. Hydrogen atoms have a large bound, spin-
incoherent cross section, �i = 80 barns, for unpolarized thermal neutrons. An
unpolarized, parallel, thermal neutron beam interacting with a single crystal
containing hydrogen atoms should therefore give rise to both Bragg reflections,
from the incident plane-wave neutron beam, and K lines, from the S waves
produced by the incoherent scattering from the 1H atoms.

9.5 Theory

To gain an understanding of the process, consider a single-point S wave source
of amplitude a at the origin surrounded by a distribution of weak point or
purely S wave scatterers described by a coherent scattering length density b(r).
Then, in the Born approximation, the unperturbed or reference wave is

�ðrefÞðrÞ ¼
aei kj j rj j

rj j ; (9:1)

and the scattered or object wave is

�objðrÞ ¼ a

Z

r0

bðr0Þei kj j r0j jþ r�r0j jð Þ

r0j j r� r0j j d r0 : (9:2)

The total wave amplitude, �tot for a detector atR is given by �ref (R) + �obj

(R). The detected intensity, I1S (R), is then �*
tot �tot. Using the far field

diffraction condition (i.e., R >> r) and defining the outgoing wave vector in
the detector direction as kout ¼ kR

^
, the detected intensity is then given as

I1S ffi
a�a

R2
½1þ 2Re½�ðkoutÞ� þ �ðkoutÞj j2� ; (9:3)
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where the intensity modulation function is

�ðkoutÞ ¼
Z

r0

bðr0Þei kr0�kout�r0ð Þ

r0
d r0 : (9:4)

In the case of inside source holography, the scattering length distribution b(r)
is reconstructed by a Fourier inversion of the observed modulation intensity [14].

To gain an understanding of K lines, consider this expression [Eq. (9.4)]. In
reciprocal space, the modulation function (aside from constants) is given by

�ðkoutÞ ¼
Z

BðqÞ
qj j2�2kout � q

dq ; (9:5)

where B(q) is the Fourier transform of b(r).
In the case of a crystal lattice, the 3D scattering potential is completely

specified by the magnitude and phase of the structure function Fhkl at discrete
points in reciprocal space. The reciprocal lattice points are given by thkl = hb1
+ kb2 + lb3, where b1, b2, and b3 are three reciprocal lattice basis vectors. The
integral in Eq. (9.5) then becomes a sum over all hkl, namely

�ðkoutÞ ¼
X

hkl

Fhkl

�hklj j2�2kout � �hkl
: (9:6)

For every pair of discrete points � thkl located within a sphere of radius 2k,
the zeros in the denominator of Eq. (9.6) cause the modulation to go to infinity
in kout directions whose locus is a cone with axis along � thkl and full opening
angle 2�, satisfying the relation 2k cos� = �hkl. Viewed on the surface of a
hemisphere of radius kout, the intersections of the cones with the hemisphere are
K line rings centered on thkl. TheseK line rings can readily be calculated for any
hkl relative to the crystal coordinate system of a known structure. For example,
a selection of K lines expected for the structure of KDP in a particular sample
orientation is shown in Fig. 9.2A on the surface of a hemisphere kout/| kout| with
| kout| = 4.8 Å–1 [15]. The incident plane wave, kin, will also produce Bragg
peaks, which will appear as discrete points on the surface of the hemisphere,
when condition kout – kin = thkl is satisfied (Fig. 9.2A).

In a high-resolution experiment,K lines are readily identifiedby their character-
istic fine structure [27]. However,K line fine structure is affected by factors such as

	 sample size and shape;
	 dynamics or higher-order partial wave scattering in both the coherent and

incoherent scatterers, leading to a broadening of the signal and a nonuni-
form reference wave intensity; and

	 wavelength spread and angular resolution.

All of these effects conspire to mute the sharp modulations characteristic of
K lines, but they still produce modulations along the lines (Fig. 9.2B).
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9.6 Reconstruction of the Diffraction Patterns from S Wave

Scatterers

According to Eqs. (9.3) and (9.4), the experimentally observed hologram mod-
ulation function �(k) produced by the interaction of a weak S wave coherent
scattering length distribution b(r) with either a single incoherent point scatterer
or with a uniform distribution of incoherent scatterers is given, aside from
constants, by

Fig. 9.2 (A) Calculated K lines for the various KDP lattice planes for l¼ 1.30 Å neutrons. In
addition to the K lines, the locations of Bragg reflections are shown as white spots. The
orientation of the crystal with respect to the sphere-of-scattering (kin || kz) is depicted by the
crystallographic axes a, b, and c. (B) KDP holographic data corrected for background,
Debye-Waller factor, and sample shape. K lines appear as bands of scattering
corresponding to the white lines in (A). Figure adapted from Sur et al. [15]
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� kð Þ 

Z

all space

Re
b rð Þ
r

e½iðkr�k�rÞ�
� �

drþO b2
� �

: (9:7)

The conditions for pure Swave weak scattering are particularly well satisfied
for unpolarized thermal neutron scattering from nuclei. Additionally, for most
nuclei, the thermal neutron coherent scattering lengths are almost purely real
and have the same sign. The real part of the coherent scattering length distribu-
tion can be directly reconstructed from the measured hologram modulation
function using the following relations.

~beven rð Þ ¼ breal rð Þ þ breal �rð Þ
kr

cos krð Þ /
Z

constant kj j

� kð Þ cos k � rð Þdk : (9:8)

~bodd rð Þ ¼ breal rð Þ � breal �rð Þ
kr

sin krð Þ /
Z

constant kj j

� kð Þ sin k � rð Þdk : (9:9)

Strictly speaking, for a single wavelength or constant k, the even and odd
parts are reconstructed at nonoverlapping points in space (i.e., the zeros of the
even part reconstruct at turning points of the odd part and vice versa). There-
fore, it is possible to eliminate the conjugate image breal (�r) from the recon-
struction of a single hologram data set by a suitable combination of ~bodd rð Þ and
~beven rð Þ. For instance, ~bodd rð Þ sin(kr) and ~beven rð Þ cos(kr) can be summed with a
moving box average of dimensions l/2 to give b(r). A consequence of this
procedure is that the resolution of the reconstructed image is broadened by
l/2. Alternatively, the quality of the reconstructed image can be improved by
combining holograms obtained at several different wavelengths.

For a single-point incoherent scatterer per unit cell, the above formulation
will reconstruct the coherent scattering length with the incoherent scatterer
located at the origin. For a uniformly random distribution of point incoherent
scatterers, the reconstruction origin will be the ‘‘center of illumination,’’ which
by definition occupies exactly the same volume as the sample.

9.7 Inside Source Neutron Holography

The first inside source neutron holography experiments were carried out at the
N5 triple-axis spectrometer (Fig. 9.3A) located at the NRU reactor at Chalk
River Laboratories, Ontario. Those experiments used 1.3-Å neutrons with a
�l/l 
1.5% using the (113) reflection from a germanium (Ge) single-crystal
monochromator. The sample-to-detector angular resolution was limited by
distance collimation, defined by a combination of an aperture in neutron-
absorbing cadmium masks and the size of the sample. Sample orientation (�)
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Fig. 9.3 (A) The N5 triple-axis spectrometer on which the first neutron holography
experiments were carried out, located at the National Research Universal reactor, Chalk
River Laboratories. (B) Plan view photograph and schematic of the neutron holography
experimental setup at the N5 triple-axis spectrometer. The incident 1.3-Å neutron beam
(originating from the bottom of the photograph) was parallel to the axis of rotation, �. The
angle between the detector and the � axis is denoted by �. In order to efficiently obtain the
hemisphere of scattering, the crystal was rotated, in optimal � steps of 28/sin �, from 0 to 2p for
a given � (178 � � � 838). The lower value for � (178) was dictated as a result of the physical
interference between the scattered beam collimator and the sample rotation spindle. The
scattered neutrons were recorded using a 3He detector. Figure adapted from Sur et al. [14]
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and detector angle (�) were manipulated in such a way that nearly a hemisphere

of scattering was recorded (Fig. 9.3B). However, as a result of poor scattered

intensity and a single-point detector, collecting good statistical quality data

(total scattering and background) over 1.7p radians in scattering wavevector

(kout) took 
10 days (Fig. 9.4A).
The structure of simpsonite contains two layers of oxygen atoms perpendi-

cular to the c axis of the crystal lattice. The first layer, which is closest to the 1H

atom, has an oxygen atom located directly above (positive direction) the 1H

Fig. 9.4 (A) Raw hologram data containing 4,334 28 by 28 pixels plotted on a surface of
constant scattered wave vector magnitude (|kout| = 4.8 Å–1). Because of the experimental
geometry, data collection was limited between 17 and 838 in �, and about 13% of the pixels
containing Bragg reflections were excluded from the reconstruction. The remaining data
contained the hologram and �-dependent background from the vanadium sample holder
and aluminum wires (e.g., aluminum powder lines at �= 32, 37, 54, and 648) used to secure
the simpsonite crystal to the vanadium pedestal. (B) Reconstructed plane located
approximately + 0.9 Å from the hydrogen atom at the origin showing the seven oxygen
atoms. The plane is roughly coplanar to the basal plane of the crystal. The central spot is the
oxygen atom located directly above the origin. The triangles are used to indicate the two
triplets of oxygen atoms located slightly below this central oxygen atom. (C) Reconstructed
plane located approximately –1.4 Å from the hydrogen atom at the origin showing the
positions of the three oxygen atoms. The distortion of the triangles was attributed to
limitations in the quality of the demonstration data. Figure adapted from Sur et al. [14]
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atom along the direction of the c axis. This oxygen atom is surrounded by two
triangular sublattices of oxygen atoms slightly below the position of the central
oxygen atom. In the second layer, located below (negative direction) the 1H
atom, the oxygen atoms form triangular lattices about the perpendicular pro-
jection of the 1H atom onto this layer.

Figure 9.4B shows a reconstructed plane, which is approximately coplanar to
the basal plane, at a distance of+0.9 Å from the 1H atom, which is at the origin
of the reconstruction. There is a systematic distortion of the triangular lattices
(Fig. 9.4B) owing to the just adequate counting statistics. Nevertheless, all of
the expected oxygen atoms, six in the two triangles and the central atom, are
present in the reconstruction. Figure 9.4C shows the next closest plane of
oxygen atoms found at a distance of –1.4 Å from the origin. From the recon-
struction, it is easily seen that these oxygen atoms form a triangle of nearest
neighbors, albeit distorted.

9.8 Inside Detector Neutron Holography

The example discussed used a large incoherent neutron scatterer (i.e., hydrogen)
to produce nearly S waves, ‘‘imaging’’ its surrounding atoms. By using
the principle of optical reciprocity, the inside detector concept interchanges
the positions of source and detector. In 2002, Cser et al. [16] demonstrated the
feasibility of the inside detector technique to image lead (Pb) nuclei in a single
crystal of Pb doped with the strong neutron absorber cadmium (Cd). In this
case, Cd atoms act as point-like detectors, with a neutron wave reaching these
detector nuclei either directly (reference beam) or after scattering from the Pb
atoms in the crystal (object beam). The capture of neutrons by Cd results in
the emission of � radiation. The intensity of the � radiation is directly propor-
tional to the neutron intensity experienced by the detector nuclei. When
recorded as a function of sample orientation with respect to the incident
neutron beam, this fluctuating � radiation intensity is effectively the
hologram.

To demonstrate inside detector neutron holography, Cser et al. [16] used a
7-mm-diameter spherically shaped single crystal of Pb0.9974Cd0.0026 (the use of
spherical samples greatly simplifies the data analysis). Cadmium atoms are
strong neutron absorbers with a thermal absorption cross section over four
orders of magnitude greater than that of Pb atoms [40]; this accounts for their
ability to act as efficient detectors. The crystal structure of the Pb0.9974Cd0.0026
alloy is the same (face-centered cubic, fcc) as for pure lead [16], with the Cd
atoms randomly distributed. As Cdwas used in low concentrations, on average,
every Cd atom was surrounded by 12 nearest-neighbor Pb atoms.

The (220) reflection from a Cu single crystal was used to select 0.8397-Å
neutrons. Prompt � radiation from the Cd nuclei was recorded using two
scintillation counters shielded by 
20 cm of lead. The sample was rotated

164 B. Sur et al.



about its axis (�) in 38 steps through 
3508 and tilted (�), also in 38 steps,

through 1208. Figure 9.5A shows the reconstruction from the hologram of the

12 Pb atoms surrounding the detector Cd atom plotted in � and � coordinates,

and Fig. 9.5B shows the Cd atom and its 12 neighboring Pb atoms plotted on

the surface of a sphere of radius 3.49 Å. The x-axis is the direction of the

incident neutron beam.

Fig. 9.5 (A) Reconstruction showing the positions of the 12 Pb atoms surrounding the detector
Cd atomplotted in� and � coordinates. (B) The 12 Pb atoms surrounding the Cd detector atom
plotted on the surface of a sphere of radius 3.49 Å. The x-axis denotes the direction of the
incident neutron beam. Data were collected using the D9 diffractometer located at the Institute
Laue-Langevin (Grenoble, France). Figure adapted from Cser et al. [16]
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The most recent inside detector neutron holography study by Cser et al. [41]
demonstrated for the first time the atomic positions with precision down to
1 picometer. To date, this is the only work based on a neutron holography
experiment that contains information not previously made available by other
experimental techniques.

9.9 Holographic Reconstruction from Multiple

Incoherent Scatterers

The mathematical formulations for atomic structure holography have, until
recently, been limited to samples with one S wave scatterer per unit cell.
However, such samples are extremely rare. On the other hand, materials rich
in hydrogen (e.g., biological or polymeric) are ubiquitous. Recently, Sur et al.
[17] derived a kinematical formulation for the diffraction pattern of mono-
chromatic plane waves scattering from a mixed coherent and incoherent
scattering length distribution. From this second-order kinematical formula-
tion, it became evident that samples with a uniformly random distribution of
incoherent scatterers can be reconstructed to atomic resolution. Also, Sur
et al. [17] provided a formulation for holographic reconstruction eliminating
the so-called conjugate, or twin image problem, inherent in the holographic
inversion of single-wavelength data.

9.10 Holography and Poorly Crystallized Proteins

Proteins are linear heteropolymers that play crucial roles in virtually all biolo-
gical processes. The linear chain folds into an intricate 3D structure, which is
determined by the sequence of amino acids, and is unique to each protein. It is
this 3D structure that is the critical determinant of a protein’s biological func-
tion. In principle, if one has knowledge of the amino acid sequence, it should be
possible to predict the protein’s 3D structure. However, a number of problems
make this ab initio approach very difficult.

Traditionally, protein structures have been determined by X-ray diffraction
(and to a much lesser extent by neutron diffraction) studies of crystallized
samples and more recently, in the case of small (< 25 kDa) proteins in solution,
by 2D and 3D nuclear magnetic resonance spectroscopy. In order to decipher
the 3D structure using X-ray diffraction, well-ordered protein crystals must be
available. However, the availability of quality crystals constitutes a major
obstacle for traditional diffraction methods, particularly for those proteins
integral to the cell’s membrane. As a result, practically all of the approximately
34,000 known 3D protein structures are water soluble as opposed to membrane
proteins. Fewer than 100 membrane proteins have been registered in the RCSB
(Research Collaboratory for Structural Bioinformatics) protein data bank.
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This is a critical shortfall since membrane-associated proteins are known to

constitute approximately one-third of all known proteins [42], and approxi-

mately 40% of the human genome encodes for membrane proteins.
The first membrane-associated protein structure determined to near-

atomic resolution (3 Å) was that of the photosynthetic reaction center of

Rhodopseudomonas viridis, a purple sulfur photosynthetic bacterium whose

3D structure was solved by Deisenhofer et al. [43, 44]. In the case of the

photoreaction center and other membrane-associated proteins, [45–47] deter-

gents were essential to producing high-quality crystals suitable for Bragg and

Laue diffraction studies. At present there does not appear to be a systematic

method for obtaining high-quality crystals for the majority of membrane

proteins. However, low-quality membrane protein crystals, which do not

diffract to high resolution, may be more readily obtainable using the present

crystal growing techniques. The concept in holography is to reconstruct the

local atomic structure in the vicinity of the source or the detector atoms. Thus

long-range translational order (i.e., periodicity) of the protein unit cell struc-

ture is not required for a solvable hologram. The only requirement is that the

unit cells be oriented in the same direction (within an acceptable mosaic

spread, consistent with the unit cell dimensions). Thus poor crystals or qua-

sicrystals are especially useful candidates for the determination of atomic-

resolution 3D structure via holography.
Depending on the protein’s chemistry, thermal neutron and X-ray hologra-

phy techniques may be used to resolve, to atomic resolution, the 3D structure of

proteins forming either poor crystals or quasicrystals. One strategy may be to

start with a low-resolution (
 6 Å data) 3D X-ray structure that can be refined

to atomic resolution using the appropriate X-ray or neutron hologram of the

protein. Assuming that the quasi-protein crystal contains only positional and

not orientational disorder, this strategy, if successful, will enable atomic-resolu-

tion studies of an entire class of macromolecules with structures that are

inaccessible presently and for the foreseeable future. However, there are poten-

tial difficulties.
Until now the mathematical formulations for atomic structure holography

have been limited to samples with one source atom per unit cell (not common).

As mentioned, Sur et al. [17] have mathematically formulated the reconstruc-

tion of samples with multiple source atoms per unit cell. In practice, for thermal

neutron holography, this condition can be realized when the samples used have

a uniformly random distribution of hydrogen atoms, an approach very much

analogous to that of the commonly used diffuser in optical holography. How-

ever, the experimental feasibility of this proposed technique has yet to be

demonstrated. On the other hand, if this approach proves to be feasible, holo-

graphic techniques will drive a worldwide expansion of knowledge about the 3D

structure of membrane-associated proteins and other macromolecules, leading

to better insights into biological processes and improved designs of existing

drugs.
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9.11 The Future

The technique of atomic-resolution holography is not yet established for rou-
tinely determining atomic structure. It is, however, a promising and technically
feasible method for solving problems that cannot be resolved with traditional
diffraction methodologies. Presently, there has yet to be an atomic-resolution
holography study using a sample that could not be successfully studied using
traditional crystallography (i.e., a poor crystal or quasicrystal).

A recent technological advance challenging the holographic techniques
described is the development of hard X-ray free electron lasers (XFELs), mak-
ing coherent X-ray diffraction imaging a possibility. The first XFEL, the Linac
Coherent Light Source at the Stanford Linear Accelerator Center, is slated to
begin experiments in 2009. The European XFEL Facility [48] (Germany) will
follow in 2013. Unlike third-generation synchrotron sources, which use lenses
to produce coherent X rays, the inherently coherent X-ray beams produced by
XFELs have the potential to image materials with 10 times better spatial
resolution. XFEL sources thus offer the possibility to resolve structural details
of materials to atomic resolution with high-brilliance femtosecond coherent
X-ray pulses. In a study headed by scientists from Lawrence Livermore
National Laboratory, a soft XFEL (l = 320 Å) was used to demonstrate that
a coherent diffraction pattern from a nonperiodic object could be obtained
prior to destroying the sample at 60,000 K [49].

9.12 Concluding Remarks

This brief review has presented the current state of neutron holography.
Neutron holography is a nondestructive, in situ technique capable of atomic-
resolutionmeasurements of biologically relevant materials and appears to be an
excellent option for the solution of poorly crystallized or quasicrystal proteins.
However, an experimental demonstration of ‘‘diffuse source’’ atomic-resolution
holography, utilizing incoherent scattering from the large numbers of hydrogen
atoms in biological materials, is key to future developments. Future neutron
holography experiments will benefit greatly from spallation source instruments
capable of acquiring neutron scattering data with simultaneous large solid angle
coverage and at multiple wavelengths, capabilities that will become available at
the Spallation Neutron Source.
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tion. Nature 318, 618–624 (1985).

45. M. Garavito and J.P. Rosenbusch, Isolation and crystallization of bacterial porin.Meth.
Enzymol. 125, 309–328 (1986).

46. S.W. Cowan, et al., The structure of OmpF porin in a tetragonal crystal form. Structure
3, 1041–1050 (1995).

47. R. Dutzler, et al., Crystal structure and functional characterization of OmpK36, the
osmoporin of Klebsiella pneumoniae. Structure 7, 425–434 (1999).

48. I.A. Vartanyants, I.K. Robinson, I. McNulty, C. David, P. Wochner, and Th.
Tschentscher, Coherent X-ray scattering and lensless imaging at the European XFEL
Facility. J. Synch. Rad. 14, 453–470 (2007).

49. H.N. Chapman, et al., Femtosecond diffractive imaging with a soft-X-ray free-electron
laser. Nat. Phys. 2, 839–843 (2006).

170 B. Sur et al.


	Thermal Neutron Holography
	9.1 Introduction
	9.2 Atomic-Resolution Holography
	9.3 Neutrons
	9.4 Neutron Holography and K Lines
	9.5 Theory
	9.6 Reconstruction of the Diffraction Patterns from S Wave Scatterers
	9.7 Inside Source Neutron Holography
	9.8 Inside Detector Neutron Holography
	9.9 Holographic Reconstruction from Multiple Incoherent Scatterers
	9.10 Holography and Poorly Crystallized Proteins
	9.11 The Future
	9.12 Concluding Remarks
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


