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IMPORTANT UPCOMING DATES
August 17, 1995
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August 21-25, 1995

17th International FEL Conference
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APPOINTMENT OF NEW NSLS
CHAIRMAN
Denis McWhan
Acting NSLS Chairman
BNL Associate Director for BES Programs

Over a dozen candidates applied for the position of NSLS Chairman and the search committee worked
hard to develop a short list to forward to Dr. N.P. Samios, Director of BNL. We are pleased to announce
that Professor Michael Hart has accepted our offer and that he will begin his term as NSLS Chairman in
September 1995.

Mike is well known in the synchrotron community for his contributions to x-ray physics beginning with
the development of monolithic multiple Bragg reflection devices such as the x-ray interferometer and the
Bonse-Hart small-angle scattering camera and his pioneering work on x-ray polarization phenomena.
Most recently, he and Lonny Berman have co-authored several seminal papers in the area of high heat
load optics for insertion device beamlines at second- and third-generation synchrotron sources. His
research and his leadership in the physics community have been recognized by his being elected a Fellow
of the Royal Society and appointed Commander of the British Empire. He and U. Bonse shared the
Warren Award for Diffraction Physics and he was awarded the Charles Vernon Boys Prize of the
Institute of Physics. We look forward to Mike leading the NSLS into the 21st century.
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FROM THE NEW CHAIRMAN...
Michael Hart, Incoming NSLS Chairman

The March Newsletter provided a succinct perspective of the NSLS. It described very significant
achievements during Denis McWhan's tenure as Chairman in source performance, infrastructure, and
science results, and also gave a complete job description by Jean Jordan-Sweet for the incoming NSLS
Chairman!

After a decade of operations and during the commissioning period of the two new third-generation
sources in the United States, it is not surprising that future means and methods are up for discussion -
especially as funding agencies are developing and refining their policies, methods, and objectives for the
support of basic and applied science and technology. I am very encouraged by the discussions which
have already been started about supplementing the PRT method of access by Confederations built around
common scientific interests. Confederations can enhance the intellectual capital and ingenuity pool and
provide economies of scale in financial and technical terms, too. They will also encourage future
exploitation of the world class high flux sources which we have at the NSLS. As has been pointed out
many times before, the great majority of experiments are not source-brightness limited...

I look forward to working with old friends and making new ones this September.
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X-Ray Photon Correlation Spectroscopy
at the NSLS
Steve Dierker
Department of Physics
University of Michigan

Photon Correlation Spectroscopy (PCS) probes the low frequency dynamics of a material by analyzing
the temporal correlations among photons scattered by the material. It is based on the fact that interference
between coherent photons scattered by random structures in a material result in a random speckle pattern,
familiar to anyone who has been in a laser laboratory, modulating the scattered intensity. As the spatial
structure fluctuates in time, the speckle pattern, which is equivalent to the instantaneous diffraction
limited structure factor, fluctuates and one can relate the time autocorrelations of the speckle pattern to
the usual dynamic structure factor of the material.

Although any real photon source is only partially coherent, the observation of speckle only requires
photons with a degree of coherence defined by the scattering conditions. Indeed, the first observations of
speckle were made by Exner in 1877 with a white light source. However, it took almost a century and the
advent of visible lasers in the early 1960's before visible light sources with sufficient coherence and
intensity were available for speckle and PCS to become practical techniques. Since then, visible PCS has
proven to be an indispensable technique for studying the long wavelength hydrodynamics of fluids,
including simple liquids, liquid mixtures, colloids, liquid crystals, and polymers, and has provided some
of the most stringent tests of fundamental concepts such as scaling, universality, and dynamic critical
phenomena.

Since visible PCS is such a powerful and well developed probe, why would anyone want to use coherent
x-rays in PCS measurements? The answer is that visible PCS cannot probe the short wavelength
dynamics of materials and is also unable to study opaque materials, such as most solids.

The new field of X-ray PCS (XPCS) offers an unprecedented opportunity to extend the range of length
scales over which a material's low frequency (10^-3 Hz to 10^6 Hz) dynamics can be probed down to
interatomic spacings. While we have many techniques for studying phenomena at either longer length
scales or higher energies, XPCS, as shown in Figure 1, offers the promise of being able to study a
previously inaccessible window in wave vector and energy space.

Examples of important problems in the low frequency dynamics of condensed matter systems for which
XPCS should be uniquely suited include:

The dynamic structure factor of liquids on intermolecular length scales, probing theories of
nonequilibrium statistical mechanics, including simple and colloidal liquids, liquid crystals, and

●   
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polymers.

The dynamics of moving domain walls in incommensurate systems, including ferroelectrics,
charge density wave (CDW) systems, magnetic systems, adsorbates on surfaces, and surface
roughening.

●   

The internal conformational dynamics and reptation of polymer molecules.●   

The temperature dependence of the dynamics of short range density fluctuations in liquids
undergoing a glass transition.

●   

Equilibrium critical fluctuations in systems undergoing an order-disorder transition, including
binary metallic alloys and polymer blends.

●   

Much of the pioneering development of XPCS has been done over the last six years at the NSLS,
primarily on beamline X25. Just as with visible PCS, it was the very low flux of coherent x-rays
available with previous sources which, until recently, precluded its application as a practical technique.
The critical development which has now made XPCS feasible is the use of synchrotron insertion devices,
which have a significantly higher brightness, B, than bending magnet sources and the coherent flux is
given by B (lambda)^2 (DELTAlambda/lambda). At the NSLS, the brightest sources in the hard x-ray
range have been the wiggler beamline X25 and beamline X21. Since X21 and X25 have identical
wigglers and X21 has been dedicated to inelastic x-ray scattering, most of the coherent x-ray scattering
measurements at the NSLS have been done on X25. In the near future, the Prototype Small Gap
Undulator recently installed on X13 may be available for XPCS measurements.

The degree of coherence of an x-ray beam can be specified by its transverse and longitudinal coherence
lengths. The parameters for X25 and X13 are listed in Table I below. The transverse coherence length of
a source of horizontal and vertical size, (sigma)h and (sigma)v, is given by lh = [lambda/2(sigma)h]R and
lv = [lambda/2(sigma)v]R, where lambda is the wavelength and R is the distance from the source. A
laterally coherent beam is usually prepared by passing the x-rays through a pinhole with a diameter equal
to lh. This means that much of the available coherent flux in the vertical direction is not utilized. This
loss, ( ~ x 50), together with window and filter losses ( ~ x 2), accounts for the difference between
theoretical and measured coherent flux in Table I.

Table I: Coherence properties of the X25 wiggler and the X13 Prototype Small Gap Undulator.
Brightness units are ph/sec/0.1%bw/250 mA/mrad^2. The Si (220) numbers for X13 were determined for
an energy of 3.25 keV. Coherent fluxes for X25 all measured with 5mm diameter pinhole. See text.
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Better utilization of the vertical coherence length is a major challenge to workers in the field. While one
could use anisotropic pinholes or slits to collimate the x-ray beam, the flux/speckle is unchanged since
the size of the speckles is given by lambdaL/d, where L is the distance from sample to detector and d is
the illuminated sample size. A better approach is to vertically focus the x-ray beam, damagnifying it by a
factor of (lambda)v/(lambda)h. Asymmetrically cut crystals have been used [1] for this purpose, but they
are plagued by an inherent chromatic aberration that degrades the beam brilliance and results in a
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maximum net gain of only ~ 20%. A factor of 5 gain in coherent flux has been demonstrated on X25 by
Berman [2] by using a bent Silicon crystal to focus, and efforts are underway to perfect this approach.

The longitudinal coherence length, lcoh, is given by lambda[lambda/(DELTA lambda)], and can thus be
increased by using a higher resolution monochromator, albeit at the expense of coherent flux. Several
possibilities are listed in Table I above. In order to see speckle, the maximum path length difference
incurred by the scattered photons, PLD, must be less than lcoh. In a Bragg geometry, PLD depends on
the scattering angle and the absorption length, delta, through the relation PLD = 2(delta)sin^2theta. In a
Laue geometry, PLD is given by 2 h sin(theta) tan(theta), where h is the sample thickness.

The first observation of speckle using coherent x-rays was made by Sutton, et al.,[3] on X25. They
observed Fraunhofer diffraction of 8 keV x-rays passing through a circular pinhole aperture. They also
observed [4] a static speckle pattern modulating the (001) Bragg peak in Cu3Au, a result of randomly
arranged antiphase domains. They later studied [4] the time dependent changes in the speckle intensity
due to nonequilibrium domain growth following a quench from the disordered to the ordered phase of
Cu3Au. A CCD area detector was used in some of their work.

Although the reduced brilliance of bending magnets makes them unsuitable for most XPCS
measurements, a bending magnet was used by Cai, et al., [5] on beamline X6B, to study the static
speckle patterns from gold-coated films of symmetric diblock copolymer films. Their measurements
benefitted from the high reflectivity at grazing incidence of the gold coated films and from the use of a
CCD area detector.

Pindak, et al.,[6] have attempted to use coherent x-rays on X25 to study the dynamics of moving CDWs
in the one-dimensional conductor, K0.3MoO3. So far, they have observed speckle modulating the CDW
superlattice peak in K0.3MoO3 and observed changes in the speckle pattern when the sample was field
cooled. Since CDW's are a displacive phenomena, the intensity of the CDW superlattice peaks scales
with q2 and only for 2theta values > 30 degrees are they strong enough to study. This makes the
experiment even harder, as a Si(220) monochromator is required in order to produce the longer lcoh,
which results in a weaker coherent intensity.

An experiment carried out at the NSLS over the last year on X25 has been successful at demonstrating
the ability of XPCS to make equilibrium dynamic measurements on a highly disordered material. In this
experiment, Dierker, et al.,[7] used coherent x-rays to measure the Brownian motion of gold colloid
particles diffusing in the viscous liquid glycerol. At first glance, this experiment's prospects for success
might seem small, since the scattering typical of highly disordered materials, such as liquids or glasses, is
notoriously weak. One can show [8] that the fractional detected count rate (P/P0) scattered into the solid
angle subtended by a speckle, for an incident x-ray beam of cross-sectional area Ai and power P0
(ph/sec) incident on an uncorrelated liquid of atoms of charge Z, is P/P0 ~ 3 x 10^-28 Z /(lambda Ai).
For the case of liquid Au, Z = 79, and taking lambda = 1.55 Angstroms at 8 keV, Ai ~ 20 micron^2, and
P0~ 4 x 10^7 ph/sec at X25 with DELTAE/E = 1.5 %, one expects the impracticably small count rate of
P ~ 3 x 10^-4 cps.

To overcome this, Dierker and co-workers [7] used the fact that for a liquid of Np gold particles, each
with na atoms, such that Np na = Ntot, the average scattering in the forward direction is the sum of the
coherent scattering from Np particles, i.e., P/P0 is proportional to Np na^2 = Ntot na, instead of Ntot.
The q dependence of the scattering will just be that of the particle form factor for a sphere of radius, Rp,
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since in the dilute gas limit at low q, the structure factor will be unity. For a Au particle with Rp = 200
Angstroms, na ~ 2 x 10^6, giving a sufficiently large P ~ 600 ph/sec. Using this approach, they were able
to use XPCS to measure the diffusion coefficient for Brownian motion of gold colloid particles dispersed
in glycerol over the range 1 x 10^-3 Angstrom^-1 < q < 1 x 10^-2 Angstrom^-1. This extends far beyond
the upper q range of visible light scattering, for which qmax ~ 4 x 10^-3 Angstrom^-1. In addition, since
the colloids studied had a gold volume fraction of ~ 1%, they were completely opaque to visible light,
and thus could not be studied with visible PCS. Using a two crystal W/B4C multilayer monochromator
on X25, the requirement that PLD < lcoh is satisfied up to q = 3.2 x 10^-2 Angstrom^-1.

The Au colloid particles form a dilute gas having diffusively relaxing concentration fluctuations with a
corresponding diffusion coefficient given by D = kbT/(6 pie eta Rp), where eta is the viscosity, and a
relaxation time at wavevector q of tau = 1/(D q^2). The dynamic correlation function, g(t), is defined as,

 where [] represents a time average in both the numerator and
denominator and n(t) is the detected photon count at time t. g(t) should have a maximum value of 2 at t =
0, decaying to 1 at infinite time. Spatial averaging of the speckles by the detector can reduce the t = 0
intercept of g(t).

A dramatic increase in collection efficiency was obtained by using a custom built CCD detector to
measure the scattering from ~ 10^5 pixels simultaneously. Since the dynamics only depend on the
magnitude of q, we can average the autocorrelation functions measured in all of the pixels in a band of q
values. This is equivalent to performing an ensemble average over the pixels as well as a time average
for each pixel and reduces the time needed to measure the correlation functions with good statistics by
the number of pixels averaged over. With ~ 10^4 pixels in a radial band of width 10% in the average q of
the band, the reduction is substantial.

Dierker, et al.[7] recorded 1920 images at the rate of one image per second for 32 minutes, of the
intensity in a 400 x 400 pixel region on the CCD (Figure 2). The time autocorrelation function of each
pixel was then calculated and the ensemble average of the correlation functions calculated. The results
for two separate 90 degree arcs corresponding to q's of 3.3 x 10^-3 Angstrom^-1 and 5.5 x 10^-3
Angstrom^-1, with widths of 10% of their average q's and containing 1750 and 5000 pixels, respectively,
are shown in Figure 3 along with fits of single exponential relaxations and their characteristic decay
times. The large signal to noise ratio of the data can leave no doubt that they correspond to dynamic
x-ray scattering from equilibrium colloid concentration fluctuations. The results are in good agreement
with expectations based on the viscosity of glycerol. A deviation of the relaxation rates from a precise
q^2 dependence was observed. This may be an indication of the onset of non-hydrodynamic effects at
large wavevector. This possibility, as well as non-linear relaxation effects predicted by mode coupling
theories near the glass transition, are currently being studied.

The results of the gold colloid experiment unequivocally demonstrate the feasibility of the XPCS
technique at the NSLS. Its success was due to several factors:

(a)Use of a colloidal sample gave a great increase in scattering intensity.
(b) The measurements could be made at relatively low q, which relaxed the constraints on lcoh and
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