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New Opportunities in Synchrotron 
X-ray Crystallography 

Several high-intensity synchrotron x-ray sources have 
been constructed over the past few years in the United 
States, West Germany, Great Britain, Japan, France, 
Italy, and the Soviet Union. Crystallographers have be- 
gun to use these facilities for experiments that take 
advantage of the characteristics of synchrotron radiation, 
namely, a broad distribution of wavelengths, high intensi- 
ty, low divergence, strong polarization, and a pulsed time 
structure. In addition to more familiar diffraction experi- 
ments on single crystals and powdered samples, new types 
of crystallographic studies, for example, energy-dispersive 
and surface diffraction studies, have progressed rapidly 
with more general accessibility of synchrotron sources. 
These high-intensity sources allow diffraction experi- 
ments to be performed on very small crystals or on large 
biological molecules, and permit weak magnetic scatter- 
ing to be detected. Anomalous dispersion experiments can 
exploit the ability to vary the wavelength of the radiation, 
and the pulsed time structure of the beam makes possible 
fast time-resolved experiments. Because of the availability 
of synchrotron x-radiation, these and other kinds of 
experiments will be in the forefront of crystallographic 
research for the next several years. 

T HE TRADITIONAL SOURCE OF INCIDENT RADIATION FOR X- 
ray ditiraction experiments has been an evacuated tube that 
contains a cathode and anode that is subjected to a high 

electrical potential. These tubes have been incorporated into a 
variety of instruments found in laboratories all over the world. In 
recent years, however, crystallographers have been presented with 
an extraordinary opportunity resulting from the construction of 
several high-intensity synchrotron x-ray sources in the United 
States, West Germany, Great Britain, Japan, France, Italy, and the 
Soviet Union. Synchrotron radiation results when high-energy 
electrons are accelerated in the magnetic fields required to close the 
orbits in storage rings or synchrotrons; for the facilities discussed 
here, the radiation can have energies ranging from the x-ray into the 
infrared regions. A typical installation consists of a linear electron 
accelerator from which electrons are injected at a relatively high 
energy into a storage ring several tens of meters in diameter. Such a 
ring consists of straight and curved sections. Electrons are guided 
around this ring with a series of magnets, and accelerating fields are 
supplied by one or more radio-frequency (rf) stations located at 
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~ o i n t s  around the ring. X-radiation is ~roduced and extracted for 
I " 
experimental purposes at bending magnets on curved sections of the 
ring or at various kinds of insertion devices on the straight sections. 
These insertion devices are multipole magnets that change the 
energy distribution of the radiation from that produced by the 
bending magnets. The fundamental characteristics of synchrotron 
radiation are a broad distribution of wavelengths, high intensity, 
low divergence, strong polarization, and a pulsed time structure. In 
contrast, a conventional x-ray source has most of its relatively low 
intensity concentrated in characteristic line spectra and is a diver- 
gent, Gpolarized source with no particular time structure. 

In the United States, x-ray synchrotron sources are operating at 
the Stanford Synchrotron Radiation Laboratory (SSRL), Cornell 
High Energy Synchrotron Source (CHESS), and National Synchro- 
tron Light Source (NSLS), Brookhaven National Laboratory 
(BNL). Crystallographers are also using similar sources for x-ray 
diffraction studies in other countries, most notably at DESY (Deut- 
sches Elektronen Synchrotron) in Hamburg, West Germany, SRS 
(Synchrotron Radiation Source) in Daresbury, United Kingdom, 
and the Photon Factory in Tsukuba Science City, Japan. 

Each of the characteiistics of synchrotron radiation impacts upon 
experiment design. The broad wavelength distribution allows selec- 
tion of radiation near absorption edges, and thus anomalous 
dispersion experiments can be performed. Furthermore, studies can 
be conducted with either monochromatic or ~olvchromatic beams. 

L ,  

The high intensity permits measurement of weak effects such as 
thermal diffuse scattering, elastic and nuclear Bragg scattering, and 
satellite reflections. Diffraction data can also be obtained from small 
crystals with the added benefit that the effects of extinction will be 
minimized. The low beam divergence yields high intrinsic collima- 
tion, high resolution, and high signal-to-noise ratios. Thus features 
near the main diffraction peaks or those caused by twimed crystals 
can be resolved. Polarization of the incident beam affects the designs 
of x-ray optics and diffractometers, improves signal-to-background 
ratios, and allows discrimination between electronic and magnetic 
scattering. The pulsed time structure, which results from the 
grouping of the electrons in the storage ring by the rf system that 
replaces the radiated energy, allows fast time-resolved experiments 
and discrimination between electronic (prompt) and nuclear (de- 
layed) scattering. 

Today, cryst&ography covers a broad spectrum of theory and 
experiment related to both the crystalline and noncrystalline states of 
matter. This article reviews how crystallographers are using x-ray 
diffraction and x-ray scattering to explore crystalline structure. 

Instrumentation 
The characteristics of synchrotron radiation not only provide 

experimental oppormnities but also present challenges in instrumen- 
tation. For example, new types of x-ray optics have been developed 
to monochromatize and focus the beam. Table 1 lists characteristics 
of diffractometer stations in the United States that are suitable for 
crystallographic experiments. Optics, detectors, and other instru- 
mentation issues are discussed below. 

X-ray optics. A variety of different optical configurations are used 
for crystallographic experiments at synchrotron sources. The sim- 
plest of these consists of a sample in an unconditioned white beam. 
Energy-dispersive studies, in which diffraction patterns of materials 
are measured as a function of energy at fixed scattering angles, are 
typically done this way. At CHESS, the Laue technique is used for 
time-resolved studies on macromolecules, with moving film as a 
detector. To avoid overlap from higher order reflections at shorter 
wavelengths, a band of the spectrum is obtained by the use of 
attenuators or multilayers and a mirror (1). 

A tv~ical diffractometer svstem used on a svnchrotroh beamline is , L 

shown schematically in Fig. 1 .  The most commonly used optics are a 
combination of a tunable double-crystal monochromator with a 
bent toroidal or ellipsoidal double-focusing mirror. The mirror 
typically gives a 1 : 1 x-ray image of the electron-beam cross section; 
magnifications significantly different from 1 : l  are difficult to 
achieve. Silicon or germanium crystals are usually used as mono- 
chromators and give bandwidths of the order of 2 eV at 8 keV. The 
first such beamline at SSRL (2) had the mirror as the first optical 
element and the monochromator near the sample. When first used 

Table 1. Synchrotron radiation diffractometers in the United States. The 
table is restricted to four-circle diffractometers. SSRL, CHESS, and NSLS 
have 28 other stations devoted to crystallography and diffraction measure- 
ments by rotation camera, powder diffraction, surface diffraction, and high- 
resolution scattering techniques. These laboratories all provide detailed 
descriptions of their facilities on request. Abbreviations: E, experimental 
measurement; T, theoretical; F, focused; U, unfocused; HHMI, Howard 
Hughes Medical Institute; LASL, Los Alamos Scientific Laboratory; 
ORNL, Oak Ridge National Laboratory; N U ,  Naval Research Labora- 
tory. 

Focus Critical 
Laboratory (4uh3v (mm) Wave- source 

Station Optics Flux len@ wave- 
Operator 

SSRL (3) 
I-5* 
SSRL 
CHESS (74) 
A2* 
CHESS 
NSLS (8) 
X3A1* 
SUNY 
NSLS (6) 
X3A2* 
SUNY 
NSLS 
X4* 
HHMI 
NSLS (8) 
X7A* 
BNL Physics 
NSLS (8) 
X7B* 
BNL Chemistry 
NSLS (8) 
X8Af 
LASL 
NSLS (8) 
XlOA* 
Exxon 
NSLS (8) 
XlOBt 
Exxon 
NSLS (7, 10) 
X14A* 
ORNL 
NSLS (8) 
X17B1$ 
NSLS 
NSLS (8) 
X23Bt 
NRL 

Nonfocusing 
two-crystal 
monochr. 

Nonfocusing 
two-crystal 
monochr. § 

Sideways- 
focusing 
monochr.// 

Monochr.1 
toroidal 
mirror1 

Sagittal 
monochr. 

Whire beam 
or monochr.# 

Monochr.1 
toroidal 
mirrorX* 

Monochr.1 
toroidal 
mirrortt 

Toroidal 
mirror1 
monochr. 

Flat mirror 
bent side- 
ways monochr. 

Flat mirror 
sagittal 
monochr. 

Two-crystal 
monochr. $* 

Monochr.1 
toroidal 
mirror*$ 

"Operating. tCommissioning. +Under construction. Swig ler sagittal fo- 
cus tested. Monochr. fured 28 of 12". fiMoved from port ~ 2 1 1 ,  #Moved 
from port X13A. **Moved from port X13B. ttFlat mirror before monochr. 
$$Superconducting wiggler. 
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Fig. 1. Schematic drawing of a diffractometer 
system used with synchrotron radiation (SUNY 
X21A beamline). Components: 1, front end; 2, 
acoustic delay line; 3, wall and wall piece; 4,  tee 
piece and sensors; 5, beryllium windows; 6 ,  
monochromator; 7, lead collimator; 8, mirror; 9, 
photon shutter; 10, beam pipe; 11, hutches; 12, 
4-8 goniometer; 13, xyz table; 14, optical bench; 
and 15, linear detector. 

with a smgle-crystal diffractometer (3), this arrangement allowed the 
use of broader bandwidth optics, that is, a pair of graphite crystals 
that gave more flux for experiments in which energy resolution was 
not important. However, the focusing action of the mirror degraded 
the energy resolution of the monochromator at shorter wavelengths. 
Anomalous dispersion measurements at the cesium L edges success- 
fully resolved all of the near-edge features. For the gadolinium L 
edges, spectroscopy measurements predicted large anomalous dis- 
persion effects (4) that were not fully resolved by crystallographic 
measurements until a nonfocusing, high-energy-resolution beamline 
was used (5). For beamlines with a monochromator as the first 
element, high energy resolution with focusing can be achieved (6), 
but the ability to use broad-bandwidth optics is lost as the mono- 
chromator increases the beam divergence. For either configuration, 
a short-wavelength cutoff imposed by the mirror limits the available 
focused spectrum but does serve to eliminate monochromator 
harmonics. At the high-brightness NSLS x-ray ring, mirrors give an 
image somewhat larger than the small source size (7, 8), possibly 
because of surface roughness (9). 

Double-crystal monochromators have heating problems because 
of the high thermal load on the first crystal and the cycling of the 
load as the current in the storage ring decays and is replenished. For 
x-rays to pass through the monochromator, the narrow rocking 
curves of both crystals must be matched. A small temperature 
change can shift the curve of the first crystal significantly, which can 
lead to focal-spot blowup and movement, loss of intensity, and 
wavelength instability. However, careful cooling and feedback can 
minimize these problems (6). Mirrors in white beams can also have 
similar problems. 

Double-crystal monochromators with the second crystal bent 
about an axis parallel to the x-ray beam [sagittal focusing (lo)] 
should solve some of the problems associated with mirrors and 
monochromators. There is no intrinsic wavelength cutoff, and a 
greater range of magnifications is possible. There should be no 
surface roughness effects to blur the focus, but progressive ineffi- 
ciency with shorter wavelength results in a cutoff at -0.6 A. At 
NSLS inexact bendlng coupled with heat loading has led to focal 
spots that are no smaller than those achieved with mirrors. Only the 
horizontal spread is focused. The NSLS setup uses a flat mirror for 
vertical focusing (1 1).  

A different type of focusing is achieved with the sideways- 
diffracting triangular monochromator bent around a vertical axis 
perpendicular to the x-ray beam (12). This uses only one crystal and 
thus has no wavelength limitation and is less subject to thermal 
problems. Magnification is variable, but tuning the wavelength 
causes the beam to sweep sideways so that realignment is often 
necessary. Under special conditions a narrow-bandwidth beam 
suitable for anomalous dispersion studies may be obtained (13). The 
source-monochromator-focus distances must be varied during tun- 
ing for narrow-bandwidth work. In an overbent configuration and 
with an area detector, simultaneous polychromatic data collection is 
possible (14). A single sagittally bent monochromator has been 
proposed to combine the best features of the latter two monochro- 
mators for use with short-wavelength sources (15). 

Apart from graphite, candidates for wide-bandwidth monochro- 

mators include large single crystals of elements with high atomic 
numbers such as cadmium telluride and multilayers; the latter are 
layered structures of alternating vapor-deposited elements, for exam- 
ple, tungsten and silicon. At NSLS, multilayers used in small-angle 
scattering experiments gave an order of magnitude flux increase over 
Si(111) crystals (16). At SSRL, two spherical multilayers were used 
in a Kirkpatrick-Baez geometry to produce a microfocus of -1.5 A 
radiation (17). Such optics could also prove useful in crystallogra- 
phy, and it should be possible to extend the useful wavelength 
range. 

D@actometers. Most diffractometers in use with synchrotron 
radiation are similar to conventional diffractometers, except that 
they are mounted sideways with the crystal (o) and detector (8) 
rotation axes horizontal, as are the axes of diffracted-beam mono- 
chromators when they are used. This type of mounting avoids 
diffracted intensity losses due to the polarization of the synchrotron 
radiation beam. A type of diffractometer incorporated into many 
differept beamlines at different storage rings is shown in Fig. 2 .  At 
the Photon Factory, a vertical wiggler with horizontal polarization is 
used as a source for a conventionally oriented diffractometer (18). 
Whatever the diffractometer orientation, a carriage is necessary to 
bring it into alignment with the incident beam (3). 

Some diffractometers have more unusual geometries and capabili- 
ties. The multipurpose two-axis diffractometer at Hamburger Syn- 
chrotron Strahls Labor (HASYLAB) (19) was built especially for 
synchrotron radiation diffraction so that the angle between the 
polarization plane of ~e beam and the o-8 axis can be selected. Its 
construction permits many types of scattering, diffraction, and 
ct-pstallography experiments to be performed. The NSLS X7A 
diffractometer can swing to a position where the monochromator is 
m a backscattering configuration. For magnetic scattering, an exit 
beam monochromator with a second out-of-plane reflection was 
used to discriminate between magnetically and electronically scat- 
tered photons (20). 

Film camerm. Most macromolecular data collection has used film 
as a detector. The original work used a precession camera, which has 
the advantages of allowing selection of reciprocal lattice planes for 
trial experiments and of not needing incident beam monitoring (21). 
The vast majority of studies since have used rotation cameras (22). 
These devices need alignment carriages and usually have small ion 
chambers as beam monitors (23). Of special note is the multifunc- 
tion setup at Daresbury, United Kingdom, where the camera can be 
fed either by wiggler magnet radiation as a white beam, from a 
double-crystal monochromator, or from a sideways-diffracting 
monochromator (24). 

Detectors. White-beam energy-dispersive work has typically used 
Si(Li) or intrinsic germanium energy-discriminating detectors, 
sometimes with time-resolved capability. These detectors are partic- 
ularly good for measuring diffraction patterns of polycrystalline 
materials as a function of temperature or pressure and have been 
used successfully to monitor phase transitions as environmental 
conditions are varied. 

Monochromatic-beam diffractometry typically uses standard 
NaI(T1) detectors that can be equipped with time-resolved readout 
(25). Linear position-sensitive detectors have been used with con- 
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ventional systems to speed up data collection (26) and also with 
synchrotron radiation &ctometers for time-resolved work (27). 
Two-dimensional detection systems are in use tbr anomalous disper- 
sion studies of proteins (28), and other systems are planned. All of 
these linear and area detectors are gas-Ned proportional detectors. 
New types of detectors, for example, photodiodes (16) and laser- 
stimulated luminescence readout (29,30), are becoming available. 

The difficted-beam intensities must be normalized to the decay- 
ing incident beam. Ion chambers in the beam or NaI(T1) detectors 
that monitor scattered radiation fiom a thin film in the beam are 
usually used. 
Sample envimments. Low-temperature devices have been used at 

CHESS and NSLS (31) in crystallographic studies. Both systems 
use dosed-cyde cryostats at liquid helium temperature that are 
supported in the diflkactometer by alignment slides that were 
installed by the diffractometer manufacturers, and a rotating-seal 
pivot arm that was devised at CHESS. Full rotation about the 
crystal rotation axis (4) and the fidl circle ( x )  is possible, thus 
allowing access to a large volume of reciprocal space. 

High-temperature furnaces have been used in conventional x-ray 
&ction experiments for many years (32). All of the advantages of 
synchrotron radiation mentioned above also apply in high-tempera- 
ture experiments, although most studies have been done in connec- 
tion with high-pressure work. Two approaches have been used to 
obtain high pressure while enabling the experimenter to x-ray a 
sample. With the diamond-anvil cell (33) a single-crystal or poly- 
crystalline sample is held at high pressure between two diamonds 
and the x-rays are directed through the diamonds and the sample. 
With the cubic-anvil device six tungsten carbide pistons press on the 
faces of a cube containing a polycrystalline sample. Such a device 
(MAX-80) has been used successfully at the Photon Factory for 
several years (34). Investigators have been able with both types of 
apparatus to heat samples while irradiating and maintaining them at 
high pressure (35). 

Software 
Since digital computers and counter diilhctometers first became 

available, crystallographers have developed many sophisticated dif- 
hctometer control programs. These programs can be used with 
synchrotron diflkactometers after relatively minor modifications and 
additions. In addition to the diflkacted beam intensity record, 
information fiom the main beam monitor and other beamline 
devices such as beam position monitors can be stored and used in 
data reduction. The collimation of the synchrotron radiation beam 
produces narrow reflections from nonrnosaic sample crystals (3) that 
are best centered by special routines (5). The narrow reflections can 
also produce problems with search routines and crystal alignment 
photographs. Because beamline time at a synchrotron radiation 
facility is limited, graphics packages to examine peak profiles rapidly, 
to check peak centering, and to monitor the intensity data are 
important. Other programs provide automatic alignment and 
monoduomator calibration routines (36). Preliminary data reduc- 
tion programs need only be modified to include the beam decay 
correction and the appropriate polarization correction. The degree 
of polarization of the beam at the sample position can be measured 
readily with specially designed devices (37). 

Applications 
The time structure of the synchrotron beam can be used for time- 

resolved experiments on a nanosecond time scale. Time-resolved 
difhction experiments are described elsewhere in this issue (38) and 
thus are not discussed here. 

Comparison of the intensity of the synchrotron beam with that 
available at a conventional source is not straigh$orward, because the 
synchrotron beams have much lower divergence, which is of greater 
benefit when working with a low mosaic spread crystal. For crystals 
with a mosaic spread of about 0.05" to 0.25", a factor of 1000 gain is 
typically obtained at a bending-magnet beamline. The high intensity 
of synchrotron radiation allows small uystals of -10-pm linear 
dimension to be used as samples, although mounting such a crystal 
on a suitably sized support is by no means trivial and requires further 
development. One of the first demonstrations of the use of small 
crystals was carried out by Bachman a d. (39), who used a 6-pm 
CaFz crystal to measure a complete set of difhction intensities at 
DESY. More recent applications have involved zeolites, catalytically 
important minerals that are not generally available as single crystals 
of the size required with conventional sources. Kvick and Rohr- 
baugh have studied borosodalite (40), a zeolite in which some of the 
aluminum atoms have been replaced by boron. They used a crystal 
with an edge size of 50 pm and noted that a considerably smaller 
crystal could have been used. These techniques have eliminated a 
barrier in the study of zeolites and the chemistry of their cavities, 
because previously there was a range of partide sizes, -5 to 80 pm, 
that could not be treated satisfactorily with either single-crystal or 
powder diffiction techniques. 

Sold and liquid s u f m  smuturn. The small number of atoms 
participating in the scattering process is particularly pronounced for 
surfaces, tbr which difiaction studies have been greatly facilitated 
with the advent of synchrotron radiation, thus opening a completely 
new field of two-dimensional x-ray crystallography. Whereas a 100- 
pm crystal may contain lo1' atoms, the number of atoms in a 10-A- 
thick surface layer of the same linear dimension of 100 pm will be 
three orders of magnitude smaller. S d c e  scattering can be en- 
hanced, however, by using a grazing angle of incidence (41). When 

Fig. 2 Photograph of a difractometer designed for work with synchrotron 
radiation. The goniommr is supported by a fiame that maintains the 0-0 
axis in a horizontal position so that &action attems can be measured in a 
vertical plane. [Photo courtesy of Huber D&aknonstechnik GmbH and 
Blakc Industries, Inc.] 
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Synchrotron beam Output slit + detector 

Tilted monochr. crystal 

Input slit + monitor 

Fig. 3. Experimental arrangement for x-ray surface studies [adapted from 
(43) 1. 

a beam is incident on a sample at or below the angle of total 
reflectance, it only penetrates about ten atomic layers into the crystal 
and continues to travel along the surface. The scattering of this 
evanescent beam takes place along a considerable path length, which 
increases the diffracted intensity. A diagram of an experimental 
arrangement for the study of liquid surfaces (42,43) is shown in Fig. 
3. 

Because many chemical and biological processes occur at inter- 
faces, such structural knowledge is of enormous importance. In 
many atomic solids, the surface structure differs from the bulk 
structure in the absence of some of the atoms. Such reconstructed 
surfaces typically have longer repeat distances than the equivalent 
dimension in bulk. Examples that have been studied include the 
(001)-(2 x 1) reconstructed surface of germanium (41), the (11 1)- 
(7 x 7) reconstructed surface of silicon (44) [which is the first 
known example of a reconstructed surface, having been discovered 
in 1959 (45), but which is still not hlly understood]; the recon- 
structed (110)-(2 x 1) surface of gold in which every second row of 
atoms is missing (46), and the (111)-(2 x 2) surface of InSb (47). 
In the last study Patterson techniques, which are widely applied in 
bulk crystallography, were used for the first time to directly 
determine a surface structure, which in this case was a distortion of 
the bulk structure with probably slightly longer bond lengths. 

Modification of surfaces by amorphous or epitaxial overlayers can 
also be investigated. Robinson et al. (44) described the change in 
silicon surface structure brought about by deposition of an amor- 
phous layer (48), whereas Zegenhagen e t  al. (49) studied the lattice 
mismatch between a Si ( l l1)  surface and an epitaxial layer of Nisi2 
as a function of the thickness of the epitaxial layer. The mismatch 
between the overlayer and the substrate induces elastic strain, which 
results in a slightly distorted lattice unit cell of Nisi2. 

Since the discovery of organic monolayers on water (Langmuir 
films) 70 years ago, only indirect evidence on positional order and 
melting transitions has been available. This situation has now 
changed dramatically. Studies of lead stearate on water (50), of 
phospholipid monolayers (51), and of the surfactant palmitoyl-(R)- 
lysine on water (52) have been reported. The last study shows the 
packing arrangement of the amino acid head groups to be very close 
to that found in a-glycine and several hydrophobic amino acids, and 
explains why the monolayer at the air-water interface induces 
epitaxial nucleation of these amino acids in water. 

Crystallography and physical properties. Several weak, but impor- 
tant, physical effects have become accessible with synchrotron x- 
radiation. Because x-rays are part of the electromagnetic spectrum, 
they interact with the magnetic as well as the charge distribution in a 
solid. However, the ratio of the intensity of the two types of 
scattering is about lo5, with the magnetic scattering being weaker. 
This disadvantage is compensated by the unusual intensity of the 
synchrotron beam. I t  allows determination of the magnetic structure 
and, unlike magnetic scattering by neutrons, allows the separation of 

orbital and electron-spin scattering through analysis of the polariza- 
tion dependence of the photon beams. A study on holmium metal 
has been reported, and recent theoretical studies indicate that it will 
be possible to distinguish between magnetic scattering from spin 
and orbital angular momentum in ferro- and antiferromagnets (53). 

Application of a polarizing electric field to dielectric materials 
leads to small but measurable changes in x-ray scattering. A program 
to investigate such changes has been started by Kvick et al. at NSLS 
(25). Initial studies have been made on the ferroelectric material 
LiNb03, in which changes in intensity and position of the Bragg 
peaks at a field of 30 kV1cm have been observed. The difference 
between peak intensities with field up and field down decreases 
dramatically when the frequency of the applied field is increased 
above 150 Hz. There is also a difference in behavior between the 
bulk material and the region at the electrode-crystal interface. A 
second study concerns the nonlinear optical material 2-methyl-4- 
nitromiline,-which is used in second-harmonic generation (frequen- 
cy doubling) (54). In this material the dependence on the frequency 
of the applied field is absent. The difference between the field up and 
field down intensities is small but measurable (Fig. 4). Analysis of 
the data indicates that both molecular polarizability and molecular 
reorientation contribute to the intensity changes. The effect allows, 
for the first time, mapping of the shift of electron density at the 
molecular level. 

Another effect that is too weak to quantify with conventional 
sources is related to metal-insulator transitions that occur on cooling 
of low-dimensional solids. The distortions that occur in the crvstali 
at the transition temperature cause weak satellite reflections. Analy- 
sis of the intensities of such reflections for the organic conductor 
TTF-TCNQ (tetrathiofulvalene-tetracyanoquinodimethane) at 15 
K allows the derivation of the molecular displacements responsible 
for the disappearance of electrical conductivity (31). The solids are 
built up of one-dimensional stacks of molecules, along which 
conductivity occurs. A curious result is that stacks, which are 
equivalent in the high-temperature structure, distort in nonequiva- 
lent ways and thus create a different electronic band gap for 
chemically equivalent stacks. 

Application to chemical and biological samples. That the synchrotron 
beam may also be used for highly accurate studies has been 
demonstrated through measurement of the charge distribution in an 
inorganic complex (55). Such measurements require as high an 
accuracy as can be achieved, because small shifts in the electron 
density due to chemical bonding need to be determined. The short 
wavelengths available at some synchrotron sources have the advan- 
tage of reducing or eliminating effects that limit the accuracy of the 
diffraction measurements such as absorption and extinction. The 
qud ty  of the density maps obtained for the complex chromiumhex- 
amine-hexacyanochromiwn at a wavelength of 0.302 A shows that 
synchrotron radiation offers significant advantages for such precise 
measurements (55). 

The synchrotron beam can be tuned over a wide wavelength range 
to exploit changes in the scattering power of specific atoms. The real 
and imaginary components of the atomic scattering factor show 
large variations near the atomic absorption edges, particularly at the 
L edges. Templeton and co-workers (56) have shown, for example, 
that the cesium atom in cesium hydrogen(+)tartrate shows an 
unprecedented decrease in scattering power of -27.1 -t 9 electrons 
at the L3 edge. Such effects offer a substitute for the isomorphous 
replacement method in protein crystallography and may eliminate 
the need for obtaining several isomorphous derivatives in the phase- 
determination process (57). Studies on a ferrodoxin (58) and on 
sulfite reductase (59) with this technique have been reported. In 
both cases the data were collected with a two-dimensional area 
detector, each frame of data being measured sequentially at four or 
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Fig. 4. Plot of intensi- 
ty versus angle for total 
scatterlng (top) and 
difference scatterlng 
(bottom) ( ~ 4 2 2 )  of 
the h,k,l = 4,0,6 re- 
flection of a crystal 
of 2-methyl-4-nitroan- I 

iline subjected to exter- 
nal fields of + 106 and I 

\ / -106 Vim; voltage, 1 J 1 
1000 V; frequency, 35 
Hz; scan width, 0.8000; maximum intensity (I,,,), 169981; dI,,,,,, 2497; 
I,,,,,,, 4034343; dI/I, 0.2624%. The lower curve is the difference between 
the scattering with field up and field down. 

five wavelengths. This procedure is made possible by the ease of 
changing wavelengths at a synchrotron beam equipped with a fixed 
exit-beam monochromator. A membrane study of bacteriorhodop- 
sin titrated with terbium has also been reported (60). An early 
application of the variation of atomic scattering factor near an 
absorption edge is the determination of cation site occupancy in 
disordered cobalt ferrite by Yakel (61). 

In environments with pronounced anisotropy, the change in 
scattering power near the atomic absorption edge may be dependent 
on the direction of the electric vector of the polarized photon beam. 
Such dichroism has been measured in crystals of vanadyl bisacetyl 
acetonate (62), rubidium uranyl nitrate (63), and sodium bromate 
(64). In the vanadyl compound all molecules are either parallel or 
antiparallel. A sharp anisotropic absorption occurs near the I< 
absorption edge of vanadium (a "white line"), which is due to the 
excitation of a 1s electron into a vacant molecular orbital. Under 
such conditions rules for absence of reflections due to screw axes and 
glide planes are no longer rigorous. The effect can be used for 
selectively determining the positions of the anisotropically scattering 
atoms in crystals (65). 

A tremendous advantage of the synchrotron beam in macromo- 
lecular crystallography is that the time span for collection of a large 
data set may be reduced from months or even years to days or hours. 
Very small crystals may be used (-50 km), and sensitivity to 
radiation is reduced because of the shorter exDosure time. The small 
s k  of the beam and its collimation allow resolution of reflection 
maxima of crystals with very large unit cells. Collection of viruses 
with unit cells as large as 1000 A (-10,000,000 daltons) has 
become possible (16). For example, the atomic structure of mengo 
virus at 3.0 A resolution was determined by Rossmann and co- 
workers (67). This virus has a unit cell with a linear dimension of 
-450 A. High-quality photographic data were collected at CHESS 

by the rotation technique with a different crystal for each of 600 
1-minute exposures. The same method was used in the analysis of 
human rhino (common cold) virus (67) and its complexes with two 
antiviral agents (68). Relations between these and other structures 
give insight into the evolution of viruses and their interaction with 
drugs and other chemical substances. 

Powder dzfiactwn. The extremely high resolution made possible 
because of the small beam divergence and the use of perfect single 
crystals as monochromators has added new capabilities for x-ray 
diffraction studies of powders. Powder diffraction data have been 
used extensively for phase identification and in recent years for the 
refinement of known crystal structures with the Rietveld technique 
(69). It has been difficult, however, to determine the small splitting 
of diffraction lines associated with slight deviations from an ideal 
symmetry. Consequently, most attempts to determine an unknown 
crystal structure have required a single crystal. 

At NSLS, an instrument has been developed that will achieve a 
resolution corresponding to a full width at half-maximum of 0.02", 
as compared with 0.2" that is obtained with a conventional diffrac- 
tometer (70). With such an instrument, it is possible to extract 
integrated intensities from the pattern and to use these data to solve 
an unknown structure with Patterson or other direct structure- 
solving techniques (71). The Rietveld method is then used in the 
h a 1  refinement. This procedure should be extremely valuable in the 
determination of structures of materials that do not form single 
crystals even as large as 10 km. 

The polychromatic nature of synchrotron radiation is conducive 
to the use of so-called energy-dispersive analysis. In this technique, a 
fixed scattering angle is selected and the energy of the scattered 
radiation is used to determine the magnitude of the scattering 
vector. Although this technique has rather low resolution 
(AEIE = low2, where E is energy), it has become important for the 
study of powders at high pressure in the diamond-anvil cell. In a 
monochromatic experiment, the sample chamber must not obstruct 
the incident and diffracted beams. For single-crystal experiments, 
the open areas must be conical, which limits the maximum pressure 
to approximately 10 GPa because the diamonds are relatively 
unsupported. For a powdered sample the incident beam can enter 
through a hole and the diffracted beam can exit through a narrow 
slot, which improves the diamond supports and increases the 
maximum pressure by a factor of 20 or more. With a polychromatic 
incident beam, it is possible to cover much larger scattering 
amplitudes than is possible with a monochromatic beam. 

Synchrotron radiation is also used to excite the optical ruby 
fluorescence radiation used for pressure calibration in diamond-cell 
experiments (Fig. 5). Not only can the pressure be determined 

Fig. 5. Plan view of apparatus used for energy- 
dispersive x-ray diffraction. The lower section 
consists of the collimators and detectors for the 
diffracted x-rays. The upper section contains the 
apparatus used to detect the x-ray-induced ruby 
fluorescence that is used to determine the pres- 
sure, OMA, optical multichannel analyzer. 
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without dismounting the sample, but the actual pressure of the 
sample in a pressure gradient can be determined. 

The apparatus in Fig. 5 has been used to study ordinary powders 
such as silicon, iron, and tungsten and the powders formed by the 
high-pressure crystallization at room temperature of gases such as 
xenon, neon, 02, and N2 (72). An interesting experiment resulted 
from the crystallization of H2  and D2 (73). These materials formed 
several small crystals, which were too few in number to yield a 
powder pattern; therefore, a single-crystal experiment was required. 
A simple two-circle goniometer was constructed that permitted the 
scattering vector to be oriented properly and the diffraction pattern 
for each class of planes to be recorded separately. 

Conclusions 
Of all experimental techniques used with synchrotron x-rays, 

crystallographic measurements may place the most stringent de- 
mands on the long-term stability of source, optics stability, and 
detector linearity. It is now 10 years since the earliest single-crystal 
diffractometry work in which a parasitic beamline with nonoptimal 
optics was used on a low-brightness storage ring with poor orbit 
stability. Since then, many improvements and innovations have been 
made. These improvements were made slowly at first (there was a 7- 
year gap between the commissioning of- the  first and second 
diffractometers), but the rate of commissioning of new experimental 
stations and novel experiments has risen sharply with the start of 
operations at NSLS. Intensities, wavelength resolution, and range 
and focal spot sizes have improved with high-brightness lattices and 
insertion device beamlines. New insertion devices at NSLS, SSRL 
[on both SPEAR (Stanford Positron-Electron Accelerating Ring) 
and PEP (Positron Electron Project)], CHESS, and the proposed 
Advanced Photon Source at Argonne National Laboratory will 
undoubtedly have properties that will attract crystallographers. 
Existing and new sources are a challenge in optics and beamline 
layout, presenting both experimental opportunities and engineering 
difficulties. 

New types of crystallographic studies, for example, energy- 
dispersive and surface diffraction studies, are possible now because 
of the general accessibility of synchrotron sources. The startup of 
NSLS has also provided more beam time for these studies. In 
addition, the properties of the new sources have become of interest 
to theorists &d have led to their involvement in helping to design 
experiments and to interpret the results. It is clear that in the next 
few years there will be intense activity by crystallographers at 
synchrotron sources, leading to much progress in the ability to 
deduce the structure and properties of matter. 
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The Role of Protein Structure in 
Chromatographic Behavior 

Chromatographic retention is determined by a relatively 
small number of amino acids located in a chromatograph- 
ic contact region on the surface of a polypeptide. This 
region is determined by the mode of separation and the 
amino acid distribution within the polypeptide. The con- 
tact area may be as small as a few hundred square 
angstroms in bioafKnity chromatography. In contrast, the 
contact region in ion exchange, reversed phase, hydro- 
phobic interaction and the other nonbioafhity separa- 
tion modes is much broader, ranging from one side to the 
whole external surface of a polypeptide. Furthermore, 
structural changes that alter the chromatographic contact 
region will alter chromatographic properties. Thus, al- 
though immunosorbents can be very useful in purifying 
proteins of similar primary structure, they will be ineffec- 
tive in discriminating between small, random variations 
within a structure. Nonbioafhity columns complement 
allhity columns in probing a much larger portion of 
solute surface and being able to discriminate between 
protein variants. 

I NTERFACIAL PHENOMENA AND SURFACE-SURFACE INTERAC- 

tions play a key role in the organization and control of 
biological systems. Gene duplication, enzyme catalysis, hor- 

monal regulation, membrane synthesis, and the organization of 
multiple enzyme complexes all depend on surface recognition. These 
highly specific interactions occur only when there is sufficient 
geometric complementarity between enough groups on the surface 
of two macromolecules to initiate intermolecular docking. Although 
docking is driven by weak forces such as hydrogen bonding, 
electrostatic attraction, and hydrophobic interactions, the total force 
of interaction is very strong because of the involvement of multiple 
groups. 

In this article, I will show that there is considerable similarity 
between the variables that direct intermolecular docking in biologi- 
cal macromolecules and those that determine the chromatographic 
behavior of proteins. On the basis of current knowledge of protein- 
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protein interactions and the fact that proteins are three-dimensional 
matrices with great diversity in the distribution of surface functional 
groups, one would predict that (i) it is sterically impossible for all of 
the amino acid residues to come in contact with the surface of a 
chromatographic sorbent simultaneously, (ii) only those residues at 
or near the exterior surface of the protein will have a major impact 
on chromatographic behavior, (iii) only a fraction of the external 
amino acid residues interact with a particular type of chromatogra- 
phy matrix, such as an ion-exchange sorbent or bioaffinity matrix, 
(iv) heterogeneity in the amino acid distribution at the protein 
surface may allow portions of the external surface to dominate 
chromatographic behavior, (v) the region of the external surface that 
determines chromatographic behavior may vary between chromato- 
graphic modes, (vi) structural changes in a protein that alter amino 
acid composition in the solute-sorbent contact region will alter 
chromatographic behavior, and (vii) the chromatographic matrix 
could alter the structure of an adsorbed protein. Because the 
systematic study of variables that control chromatographic behavior 
of proteins is still in the early stages, these hypotheses can only be 
considered a preliminary working model. Evidence supporting this 
model and the implications of the model will be presented below. 

Steric Effects 
Although logic alone suggests that steric phenomena play a role in 

the interaction of large molecules with a surface, it is possible to 
show quantitatively that this is true. More than 150 years ago, Wray 
and Roy (1) observed that ions adsorbed to clays could be ex- 
changed stoichiometrically with ions in solution. On the basis of this 
observation, a quantitative treatment of retention in ion-exchange 
chromatography (IEC) has been developed (2). In this treatment it 
is assumed that weakly adsorbed ions (Db) are displaced from ion 
exchanging ligands on a chromatographic sorbent by charged 
groups on a protein (Po). 

The subscripts o and b refer to the free and bound forms of ions, 
respectively, and Z designates the stoichiometqr of the process. In 
the case of polyelectrolytes, chromatographic retention (k') is 
related to the number of charges (Z) that interact with a sorbent 
matrix and the concentration of the displacing agent ([Do]) by the 
equation 12' = Il[D0lZ. The constant I is composed of a cluster of 
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