6 Conclusions

We have shown that one can produce a beam of coherent X-rays by spatially filtering an incoherent beam of monochromatic X-rays to dimensions smaller than its transverse coherence lengths using small pinholes with diameters of a few μm. A second generation synchrotron radiation source like beamline X-25 at NSLS provides a sufficient coherent flux to perform coherent X-rays scattering experiments.

When a coherent beam is scattered from a disordered sample, a graininess in the structure factor is observed, called speckle. The speckle pattern is sensitive to the exact arrangement of the atoms in the illuminated volume. If the state of disorder of the sample changes with time, the speckle pattern will fluctuate in time. An analysis of the time correlations of the scattered light at a given wavevector allows a direct measurement of the dynamics of the system, in and out of thermodynamic equilibrium.

This thesis is the first study of the ordering kinetics of first order phase transitions in a classical binary alloy with a non-conserved order parameter, using coherent hard X-rays. One of the important contributions of this thesis has been to develop techniques to measure the speckle patterns produced by coherent X-ray scattered from a binary alloy with a two-dimensional CCD detector, as well as techniques to analyze these patterns.

In Chapter 3, the development of techniques based on statistical estimators like the mean, variance and spatial correlation function has been essential in our understanding of the noise, quantum efficiency, and spatial resolution of the CCD. The use of spatial correlation functions to measure the resolution of the CCD is an original contribution [37]. The spatial autocorrelation function of the signal generated by a spatially uniform incident beam is broadened by the spread of the detected electrons to several nearest neighbor pixels. By assuming an identical response for each detected photon, the resolution function can be extracted from the measured correlation function. The spatial extent of the resolution function reduces the spatial or temporal variance of the signal when compared to the variance due to Poisson noise. This effect must be accounted for in the calculation of the quantum efficiency. These techniques can be applied to any typical one and two-dimensional position-sensitive detectors, and can also characterize non-linear detectors.

Section A.2 also contains central and original derivations, which have been used throughout the thesis to calculate error bars of various functions of the estimated average, <V >, and variance, S^2_V , of the signal V . We have shown that by combining standard error analysis with the variances and covariance of <V > and S^2_V , one can approximate the standard deviation of several functions of the estimated mean and variance f(<V >, S^2_V ). We derived, for example, the error on the contrast √ S^2_V /<V >^2 and on the ratio S^2_V /<V >. This ratio of variance over mean is an important quantity which can be used to calibrate a detector, or to determine whether or not the observed time fluctuations of the signal are above the fluctuations expected from counting statistics.

The development of the detector characterization techniques was based on spatial correlation functions introduced to measure the speckle size of Cu_3Au speckle patterns. Using spatial correlation functions, it was shown that this detector has a sufficient spatial resolution to measure speckle patterns of Cu_3Au (100). The speckle pattern properties were studied by changing the horizontal transverse coherence length, and the illuminated sample area. The speckle size was measured by the width at small displacements of the spatial crosscorrelation function of two subsequent scans of the CCD. The speckle width is reduced when the illuminated sample area is increased, until the speckle size is comparable to the resolution of the CCD. Then the widths become resolution limited. Increasing the horizontal coherence length reduced

120 6 Conclusions

the speckle size horizontally. Because the CCD resolution is anisotropic and broader than one pixel, and because the beam is partially coherent, the effect of different optical conditions requires subtle analysis. A theoretical model based on the autocorrelation function of the Fraunhofer diffraction pattern of the pinhole convolved with the detector resolution is in good agreement with the observations. Some difference is seen between the model and the data for the smallest pinhole D = 3.5 μm. Perhaps this indicates that the illuminated sample area is larger than the pinhole area, since the sample is placed at the limit of the near-field diffraction of the pinhole. Note that these effects should be easier to resolve if the angular resolution of the detector is improved, whether by choosing a detector with finer spatial resolution, or placing the detector further away.

The contrast of the speckle pattern was also measured by subtracting the expected Poisson noise contribution from the spatial fluctuations. The contrast is reduced as expected when the input beam diameter increases, and when the upstream source size is increased. The measured contrast is smaller than expected. We discussed some of the possible causes for this difference earlier.

These measurements of the contrast and speckle size are major contributions of this thesis. It is the first detailed quantitative analysis of X-ray speckle. The measurements on static speckle from Cu_3Au agree well with the well known properties of speckle. Because the CCD detector can measure thousands of independent speckles simultaneously, the contrast and autocorrelation functions can be measured quite accurately. The calculation algorithm are also simple to implement. This work has some applications in microscopy, like atomic force and electron microscopy. For example, it is straightforward to measure the average domain size in an image with the autocorrelation function.

We measured the time fluctuations of the structure factor for the (100) superlattice reflection of Cu_3Au after a quench from the disordered phase to the ordered phase. Soon after the quench, speckles appear at fixed positions in reciprocal space. Their intensities grow like the average scattering from antiphase domains. The overall sharpening of the structure factor and the increase in peak intensity can be measured by least-squares fits of the whole speckle pattern. The widths and peak intensity of the Gaussian fits follow power laws, as expected from the coarsening of domains.

The approach we took to study the time fluctuations is to look at the time fluctuations with respect to a time-dependent growing average, provided by two-dimensional fits. By studying the statistics of the relative fluctuations with respect to the fit, one can test whether these fluctuations are above counting statistics or not. The interested reader will find some of our experience gained in analyzing the time fluctuations in equilibrium and out of equilibrium compiled in section A.4. For the X-25 data, the time fluctuations on a time scale of one half hour are within the expected fluctuations due to Poisson noise of the detected photons and incident intensity fluctuations, thus the speckles are constant over this time scale within fluctuations due to counting statistics. Intrinsic fluctuations with larger time scales due to the coarsening dynamics cannot easily be separated from fluctuations caused by beamline instabilities at present.

The amplitude of the time fluctuations of the data is small, and consistent with theory. As opposed to an IFS experiment performed in thermal equilibrium (see Fig. 2.13), the relative amplitude of these fluctuations is much smaller than 100 % and the fluctuation times are long. This makes quantitative analysis particularly difficult because of the limited count rate and the beamline instabilities. If the amplitude of these fluctuations had been larger, the time fluctuations would have been more easily measured. We believe that the small size of the fluctuations is an important property of the speckle patterns generated by the non-equilibrium growth which produced the domain structure.

This observation is qualitatively consistent with a numerical simulation of model A. After the quench, speckles appear at fixed ⃗q, and their dynamics are slow. This observation is consistent with the simple picture that the speckle pattern is dominated by the scattering from large domains which slowly grow at the expense of small domains. This dynamics makes the small domains disappear, leaving the macroscopic

122 6 Conclusions

domain arrangement over the sample size changing slowly with time (see Fig. 5.19). Fourier modes representing the domain structure changes only slowly because the macroscopic domain structure correlates with itself for long times.

The last conclusion of this thesis is that individual speckles remain fixed in reciprocal space after the quench. This observation violates simple minded scaling in the experimental data and the numerical simulation. Although the speckle pattern does not scale, the overall scattering sharpens as expected for scaling. This persistence of speckle seems to be a general property of the structure factor of non-equilibrium growth measured with coherent light, for both conserved and non-conserved order parameters. These experiments started out as a way to test some of the ideas of Grant and Roland [36]. There is good reason to believe that these types of measurements will lead to a deeper understanding of this type of phenomena, but much work still need to be done. This XIFS work has also generated a lot of interest in the visible IFS community, and many experiments are underway to study non-equilibrium phenomena.

To measure the time fluctuations in more detail, longer experiments with higher incident coherent flux are planned in the future. A factor of 100-1000 in intensity is accessible by using the new undulator facilities such as the ESRF or the APS. This increase in flux would allow to reduce the error bars in Fig. 5.17 by a factor of more than ten, and enables smaller changes of the structure factor to be measured. As demonstrated recently [19], these beamlines are also more stable in terms of beam intensity and position. Ideally, one should also look for systems with faster intrinsic dynamics than Cu_3Au, and samples which scatter isotropically^1.

Improvements in detecting scheme are also achievable. For example, very low noise two dimensional gas detectors with nearly unit quantum efficency (a factor 4 larger than the detector used in this experiment) are under development at the ESRF, and should be operational within the next year. These detectors allow measurements

1For example, although an Fe_3Al sample scatters less that a Cu_3Au one due to smaller scattering contrast, it scatters isotropically in 2Θjj and 2Θ?, making it possible to ensemble average correlation functions with the same jq̃j. This should improve the statistics of the correlation function and allow for the measurement of the wavevector dependence of the correlation function [89].

of the time arrival of each photon, and have very low dark noise. Similarly, CCD performance can be improved by using low noise detectors, with a CCD chip having a larger depletion layer. A larger depletion layer is found in EEV chips, for example [90], and this increases the quantum efficiency for hard X-rays. At 7 keV, the EEV chip has a quantum efficiency of 50 %, which is a factor two better than the chip used here. Another approach with CCDs is to couple the array optically with an X-ray sensitive phosphor which greatly enhances the quantum efficency but reduces the CCD resolution. By placing such a detector a few meters away, the resolution should be sufficient to resolve speckle patterns. A completely different approach with CCDs should be used when the count rates are low. For low count rates, it is possible to detect single photons events. This removes most of the electronic noise in the data, and in principle allow subpixel spatial resolution!

These measurements are some of the first results using this newly developed scattering technique. As a feasibility experiment, our measurements on Cu_3Au were a success! We demonstrated that the experiment can be performed, and pointed out some of the major problems encountered on second generation synchrotron sources. These results have important applications in the design of the next generation of beamlines optimized to produce coherent X-rays. These measurements are also exciting because they give new insights on the dynamics of phase transitions not available before. Beside our IFS results, the simple example of coherent X-ray scattering from an isolated edge dislocation was given in Chapter 2. This proposed experiment is already feasible with existing sources.

Coherent X-ray scattering will be a powerful technique at the newly commissioned third generation synchrotron sources, and many group are developing strong scientific programs in this field. Because the coherence lengths of synchrotron radiation are on the order of the microstructure of many materials, coherent X-rays will be a tool of choice to investigate disorder in these materials.

Appendices

A.1 Some useful probability distributions

A Poisson distribution is discrete. The probability of measuring n events is

P (n) = μ^ne^{−μ} n! . (A.1)

The mean and the variance are μ. Higher central moments are (x − μ)^3 = μ, and (x − μ)^4 = 3μ^2 + μ.

A Gaussian distribution is continuous, with probability density ρ(x) = 1 √ 2πσ exp[

(x − μ)^2 2σ^2

]. (A.2)

The mean is μ and the variance is σ^2. Higher moments are (x − μ)^3 = 0 and (x − μ)^4 = 3σ^4.

A chi-square random variable is given by

χ^2 = M∑ i=1 (y_i − y_i)^2. (A.3)

It is the sum of the squares of M Gaussian random variable y_i, with average y_i and standard deviation σ. The probability density of this random variable is

ρ(χ^2) = ( √ 2σ)^{−M} (χ^2)^{M/2−1} exp(− χ^2 2σ^2

)/Γ(M/2). (A.4)

The average is Mσ^2 and the variance 2Mσ^4, with a contrast √ 2/M . The chi-square distribution is the probability distribution followed by speckle statistics for M=2. For speckle, the scattered intensity I = Re{E}^2 + Im{E}^2, i.e. the sum of the squares of the real and imaginary part of the Gaussian scattered electric field E. Here the electric field is linearly polarized. For M = 2, Eq. A.4 is an exponential with average I = 2σ^2 and standard deviation σ_I = 2σ^2. The fluctuations of the scattered intensity are as large as the mean!

When a detector averages several speckles because its area integrates over many speckles, Eq. A.4 is also the distribution which approximately describes the scattered intensity I. The probability density of the scattered intensity is

p(I) = ( N_s I )^{Ns} I^{Ns−1} exp(− N_sI I )/Γ(N_s), (A.5)

A.2 Error analysis 125

where N_s is the number of independent speckle in the detector area, or the ratio of the detector area over the speckle area introduced in Eq. 5.3, and I is the average intensity. This is known as the gamma probability density [39]. For N_s = 1, it reduces to the exponential distribution we derived earlier in Eq. 2.34. Its average is I and its variance is^{I2}_{Ns} , so that the contrast^σ_I =^{1√}_{Ns} .

A.2 Error analysis

One often wants to evaluate the uncertainty in the estimated average <x> and variance S^2 of a random variable X, with theoretical mean μ and variance σ^2. Assuming that the probability density ρ(x) of the random variable X is stationary, the true mean and variance of ρ(x) are defined by x = ∫_∞ −∞ xρ(x)dx = μ, and (A.6)

(x − μ)^2 = ∫_∞ −∞ (x − μ)^2ρ(x)dx = σ^2, (A.7)

with ∫_∞ −∞ ρ(x)dx = 1. The discussion below is limited to distributions with finite μ and σ^2. The statistical estimators of the mean <x> and variance S^2 are defined by

<x> = 1 N N∑ i=1 x_i, and (A.8)

S^2 = 1 N − 1 N∑ i=1 (x_i − <x>)^2, (A.9)

where x_i is a measured outcome of the random variable X, chosen from the same probability distribution ρ(x). The estimators <x> and S^2 are unbiased estimators of the mean and variance and on average are equal to μ and σ^2. The uncertainties in these statistical estimators depend on the number of random events observed, N. For small N, the fluctuations in the measured or estimated value are comparable to the expected value. Therefore, its dependence on N must be well characterized.

The uncertainty on the mean is well known and goes as √ σ^2/N [64]. For a Gaussian distribution, the uncertainty on the variance is √ 2/(N − 1)σ^2 [64]. In section A.2.1, we derive a general relation for the uncertainty of the estimated variance, and apply it to the Poisson distribution. In error propagation analysis, one may want to evaluate the uncertainty in a function of the mean and variance f(<x>, S^2) as required in section 3.0.3. To evaluate the error in f, one uses the uncertainty in <x> and S^2, and needs to know the covariance between <x> and S^2. A general expression for this covariance is derived in section A.2.2, and a derivation for Eq. (3.7) is shown in section A.2.3 and A.2.4.

126 A Appendices

A.2.1 Uncertainty in the measured mean and variance

It is important to note that <x> and S^2 are themselves random variables since they are functions of several random variables. A useful estimator of the uncertainty of these new random variables is their standard deviations σ_{<x>} and σ_S2 defined in Ref. [64] by σ^2_{<x>} = <x>^2 − <x>^2, and (A.10)

σ^2_S2 = S^4 − S^{22}, (A.11) where the horizontal line refers to an average over the joint probability distribution of the random variable <x>, a function of N random variables x_i, i.e. <x> ≡ ∫ <x>(x_1, ..., x_N)ρ(x_1, ..., x_N )dx_1...dx_N . σ_{<x>} and σ_S2 are the standard deviations of the probability densities of <x> and S^2. The N dependence in Eq. (A.10-A.11) is not explicitly written in order to keep the notation simple. From Eq. (A.8), recalling that x_i = μ, it is easy to show that <x> = μ. In order to simplify the algebra below, we introduce a new variable y_i = x_i − μ, so that y_i = 0 and y^2_i = σ^2. One can now rewrite Eq. (A.10) , using Eq. (A.8) and square it to get

σ^2_{<x>} = 1 N^2 N∑ i,j=1 y_iy_j . (A.12)

Assuming that each y_i is independent, i.e.

y_iy_j = δ_{ij} σ^2, (A.13)

where δ_{ij} is a Kronecker delta, and replacing Eq. (A.13) in Eq. (A.12), one gets

σ^2_{<x>} = σ^2 N , (A.14)

which is a well known result valid for any N, and any probability distribution with finite mean and variance, given that no correlation exists between the x_i’s. This result states that the probability density of <x>, ρ(<x>), is narrower than ρ(x) by a factor √ 1 N . In Eq. (A.11), the S^2 term can be evaluated by substituting x_i by y_i and replacing Eq. (A.8) into Eq. (A.9). Then, one finds

S^2 = 1 N − 1 N∑ i=1 y^2_i − 1 N N∑ i,j=1 y_iy_j . (A.15)

Taking averages on both sides of Eq. (A.15), and evaluating the sums with Eq. (A.13), one finds S^2 = σ^2, as stated before. The N − 1 denominator comes from the fact that there is one less degree of freedom used to evaluate the mean. Taking the square of Eq. (A.15), and taking averages on the right and left hand side of the equation, one finds

S^4 = 1 (N − 1)^2 N∑ i,j=1 y^2_i y^2_j − 2 N N∑ i,j,k=1 y^2_i y_j y_k + 1 N^2 N∑ i,j,k,l=1 y_iy_j y_k y_l . (A.16)

A.2 Error analysis 127

Evaluating the averages recalling that y_i = 0 and y_iy_j = δ_{ij}σ^2, one finds

y^2_i y^2_j = { y^4, for i = j, N terms, σ^4, for i ≠ j, N(N − 1) terms,

(A.17)

y^2_i y_j y_k = y^4, for i = j = k, N terms, σ^4, for i ≠ j = k, N(N − 1) terms, 0, otherwise,

(A.18)

y_iy_j y_ky_l = y^4, for i = j = k = l, N terms, σ^4, for i = j ≠ k = l, 3N(N − 1) terms, 0, otherwise.

(A.19)

Here, the nth order central moment is defined by y^n ≡ ∫ y^nρ(y)dy. Using Eq. (A.17- A.19) to evaluate the sums in Eq. (A.16), and replacing Eq. (A.16) into Eq. (A.11), one finds σ^2_S2 = y^4(N − 1) + σ^4(3 − N) N(N − 1) . (A.20)

This result depends on the fourth order central moment of the distribution, y^4, and the standard deviation, σ. For a Gaussian distribution, (see section A.1) y^4 = 3σ^4 and Eq. (A.20) gives as expected σ^2_S2 =^2_{N −1} σ^4. For a Poisson distribution on the other hand, y^4 = 3μ^2 + μ which yields

σ^2_S2 = 2 N − 1 μ^2 + μ N . (A.21)

Note that for μ < 1, the second term is an important correction and a Gaussian approximation would underestimate the error on the variance. For large means, Eq. (A.21) becomes identical to the error for a Gaussian with variance equal to the mean, as expected since the Poisson distribution crosses over to such a Gaussian for large means. Finally, note that since in general ρ(S^2) is not Gaussian, one cannot easily quantify the confidence limits of S^2, but can nevertheless calculate its variance.

A.2.2 Correlation of the sample mean and variance

One might think that there is no correlation between the estimator of the mean <x> and the estimator of the variance S^2. The independence of the estimated mean and variance is discussed in several statistical books for Gaussian distributions [73, 64]. The measure of correlation between the measured mean and variance, the covariance, is defined as

cov(<x>, S^2) = (<x> − μ)(S^2 − σ^2) = <y>S^2 = 1 N(N − 1) N∑ i,j=1 y_iy^2_j − 1 N N∑ i,j,k=1 y_iy_j y_k , (A.22)

since <y>σ^2 = 0. Evaluating the averages as in Eq. (A.17-A.19), one finds

y_iy_j y_k = { y^3, for i = j = k, N terms, 0, otherwise.

(A.23)

128 A Appendices

The same results holds for y_iy^2_j . Replacing those in Eq. (A.22) and simplifying, one gets

cov(<x>, S^2) = y^3 N , (A.24)

where y^3 is the 3rd order central moment of the distribution. Thus, the covariance depends on N, and on how symmetric with respect to the mean is the probability distributed. The estimated mean and variance are independent only as N goes to infinity, or if y^3 = 0. For a Gaussian distribution, the covariance is zero because odd powers of the central moments are zero. For a Poisson distribution, y^3 = μ (see Appendix A.1) and cov(<x>, S^2) = μ N . (A.25)

A.2.3 Evaluation of the error on a function of S^2 and <x>

From standard error propagation analysis [73], one can readily calculate the uncertainty of a function f(<x>, S^2) =^{S2}_{<x>} . It is given by

σ^2_f f^2 ≈ σ^2_S2 S^{22} + σ^2_{<x>} <x>^2 − 2cov(S^2, <x>) <x>S^2 , (A.26)

where the terms on the right hand side have been calculated above. The approximate sign comes from the fact that σ_f is derived from a first order Taylor expansion of f around its average. Replacing the uncertainties and covariance derived previously for a Poisson distributed random variable X in Eq. (A.14) ,(A.21), (A.25), one finds

σ^2_f f^2 ≈ 2 N − 1 . (A.27)

The result is independent of the mean μ. By averaging N independent measurements, one can measure f accurately. On the other hand, if the signal is Gaussian distributed, the covariance term in Eq. (A.26) would be zero, and one gets^{σ2f}_{f 2} ≈^2_{N −1} +^{σ2}_{μ2N} . Depending on the mean and variance of the distribution, the second term may be important.

A.2.4 Including electronic noise for an X-ray detector

For an X-ray detector, Eq. (A.27) is not sufficient to estimate the errors on k, defined in Eq. (3.5), because for weak signals, the electronic noise will contribute significantly to σ_k. V_e, the dark electronic noise, increases the relative error on the time averaged mean <V >_t and variance S^2_{t,V} when the contribution from the detected photons approaches zero. To find σ_k, the standard deviation of k, we can simply replace in Eq. (A.26) <x> by <V >_t, and S^2 by S^2_{t,V} −σ^2_{V e}, where σ^2_{V e} is the theoretical variance of the electronic noise probability distribution. Then the first term of Eq. (A.26) can be rewritten as σ^2_S2_{t,V −σ}2_{V e} (S^2_{t,V} − σ^2_{Ve})^2 = σ^2_k2_S2_{nd} + σ^2_S2_{V e}

(S^2_{t,V} − σ^2_{Ve})^2

A.2 Error analysis 129

= 2 N − 1 + 1 Nn_d + 2σ^4_{V e} (N − 1)(S^2_{t,V} − σ^2_{Ve})^2

. (A.28)

To obtain this relationship, we used the equation σ^2_S2_{t,V −σ}2_{V e} = σ^2_S2_{t,V} and Eq. (3.3), and assuming that V_e follows Gaussian statistics. The first two terms are the detected photon contributions which are included in Eq. (A.27), and the last term is due to an error on the evaluation of the dark variance. Next, we can evaluate the second term of Eq. (A.26) using Eq. (3.3), σ^2_{<V >t} <V >_t^2 = k^2σ^2_{nd} + σ^2_{Ve} N<V >_t^2 + σ^2_{Ve} N_d<V >_t^2 = 1 Nn_d + σ^2_{Ve} <V >_t^2 ( 1 N + 1 N_d ) , (A.29)

where n_d and <V >_t are the hypothesized means of the number of detected photons and of the detector signal, while σ^2_{nd} and σ^2_{Ve} are the theoretical variances of n_d and of the dark electronic noise. The first term in this equation comes from the statistics of the detected photons and is already included in Eq. (A.27). The second term explains the increased uncertainty in k for small signals due to the electronic noise. The third term is due to the statistical error in the measurement of the dark pattern subtracted from V , where N_d scans are averaged without X-rays. To minimize the error, one should choose N_d = N. Finally, the last term in Eq. (A.26) is unchanged from the Poisson case because the dark signal and the detected photon signal are not correlated. Collecting terms, we find

σ^2_k k^2 ≈ 2 N − 1 1 + σ^4_{V e} (S^2_{t,V} − σ^2_{Ve})^2 + σ^2_{Ve} <V >_t^2 ( 1 N + 1 N_d ) . (A.30)

It is therefore easier to measure k when <V >^2_t and S^2_{t,V} are much larger than σ^2_{Ve}. To evaluate σ_k for a given experiment, one would replace σ^2_{Ve}, S^2_{t,V} and <V >_t by the experimentally measured values S^2_{t,Ve}, S^2_{t,V} and <V >_t.

Note that the error analysis approach developed above can be extended to other problems, such as the evaluation of the error on the measured contrast in optics if the signal is not Gaussian distributed. It is also useful to estimate the errors in our coherent X-ray experiments.

For example, the error on the measured contrast for the time-averaged scattered intensity in section 2.6.2 is derived with the same technique. In section 2.6.2, the contrast is defined by Ct = √ S^2 <x> . (A.31)

Neglecting the term for the correlation between the estimated mean and variance, it is easy to show that the error on the contrast σ_{Ct} Ct ≈ σ^2_{S2} 4S^{22} + σ^2_{<x>} <x>^2 ≈ 1 2(N − 1) + Ct^2 N . (A.32)

130 A Appendices

Here, the error on the estimated variance σ_S2 was approximated by the error for Gaussian statistics.

A.3 Derivation of the autocorrelation function for a Gaussian

If one assumes that the structure factor is a smoothly varying function of ⃗q, one can understand quantitatively the ⃗q dependence of the crosscorrelation function (see Eq. 5.5) which is caused by the presence of antiphase domains.

Let us study the autocorrelation function by choosing dt = 0 in Eq. 5.5. For the two dimensional Gaussian function defined in Eq. 5.11, one can show that its spatial autocorrelation function calculated by a two dimensional integral over a rectangle in reciprocal space with edges L_⊥ × L_‖ is <v^∗(⃗q, t)v^∗(⃗q + ⃗dq, t)>_{⃗q} = πσ_⊥σ_‖I^2_{max} 4L_⊥L_‖ exp( −dq^2_⊥ 4σ^2_⊥

) exp( −dq^2_‖ 4σ^2_‖ ) [ erf( L_‖ + dq_‖ 2σ_‖ ) + erf( L_‖ − dq_‖ 2σ_‖ ) ]

× [ erf( L_⊥ + dq_⊥ 2σ_⊥ ) + erf( L_⊥ − dq_⊥ 2σ_⊥ ) ] , (A.33)

where I_{max} is the peak intensity, and σ_⊥ is the Gaussian width along 2θ_⊥. The error functions are present because of the finite size of L_⊥ and L_‖. For a small displacement with |dq_⊥| << L_⊥ and |dq_‖| << L_‖, the autocorrelation in Eq. A.33 is also approximately a two dimensional Gaussian with width along 2θ_⊥ equal to √ 2σ_⊥.

In Fig. 5.5–5.7, the autocorrelation is normalized by the square of the spatial average. For a two dimensional Gaussian, the spatial average of the linearized signal is <v^∗>_{⃗q} = 2πσ_⊥σ_‖I_{max} L_⊥L_‖ erf( L_⊥ 2 √ 2σ_⊥ )erf( L_‖ 2 √ 2σ_‖ ). (A.34)

Thus the normalized autocorrelation function for small displacement |dq_⊥| << L_⊥ and |dq_‖| << L_‖ is approximately <v^∗(⃗q, t)v^∗(⃗q + ⃗dq, t)>_{⃗q} <v^∗>^2_{⃗q} ∝ L_⊥L_‖ 16πσ_⊥σ_‖ exp( −dq^2_⊥ 4σ^2_⊥

) exp( −dq^2_‖ 4σ^2_‖

). (A.35)

Note that the maximum of the normalized autocorrelation is inversely proportional to the product of the widths σ_⊥σ_‖.

A.4 Tools for time fluctuations analysis

Here are some of the tools that might be useful for simple analysis of time fluctuations for XIFS in systems in thermal equilibrium and out of equilibrium. In equilibrium, to make sure that the time fluctuations are larger than the fluctuations due to counting statistics and electronic noise, one can measure the fluctuations of the structure factor

A.4 Tools for time fluctuations analysis 131

with respect to its long time average, and compare these fluctuations to those caused by Poisson noise. We define the ratio of these two quantities as R(⃗q, t) = S^2_{t,S} (⃗q) <S(⃗q, t)>_t , (A.36)

where S^2_{t,S} is the variance and <S(⃗q, t)>_t the time average of the structure factor S(⃗q, t) measured from a sequence of N measurements. In deriving Eq. A.36, the detector is assumed to have unit quantum efficiency and a spatial resolution much smaller that the speckle size. With such a detector, the expected variance from Poisson noise is simply equal to the time average <S(⃗q, t)>_t. Note that we have already derived this equation earlier since this is simply the equation for k in Eq. 3.5 for a detector without electronic noise! If the fluctuations are only caused by Poisson noise, R = 1, and its error bars are given by Eq. A.27. A ratio greater than unity implies that the fluctuations are significantly larger than fluctuations due to counting statistics.

In an intensity fluctuation spectroscopy experiment, one wants to know what is the standard deviation of the structure factor corrected for trivial fluctuations due to counting statistics^1. This standard deviation of S(⃗q, t), σ_{t,S} is simply σ_{t,S} (⃗q) = √ (R(⃗q) − 1)<S(⃗q, t)>_t. (A.37) Therefore, the relative fluctuation of the structure factor is simply the ratio of Eq. A.37 over the time average <S(⃗q, t)>_t equal to σ_{t,S}(⃗q) <S(⃗q, t)>_t = R(⃗q) − 1 <S(⃗q, t)>_t . (A.38)

If the ratio R(⃗q) = 1.1 and the time average of the structure factor is 10 counts, then the relative rms fluctuation of the signal with respect to its time average is √ 0.1/10 = 10 %.

Out of equilibrium, since the time average of S(⃗q, t) changes in time, Eq. A.36 must be modified to take this into account. We have found it useful to measure the fluctuations of the speckle pattern with respect to two dimensional least-squares fit of the whole speckle pattern. A natural variable to study fluctuations is η(⃗q, t) = S(⃗q, t) S_f (⃗q, t) − 1. (A.39)

Here η is the relative difference between the structure factor S(⃗q, t), and the fit S_f (⃗q, t). Assuming for simplicity that the detector is ideal, the expected standard deviation of η is

σ_η = √ S(⃗q, t S_f (⃗q, t) . (A.40)

1An excellent introduction on the subject can be found in Chapter 9 of Goodman [39].

132 A Appendices

To calculate whether the fluctuations of η(⃗q, t) are above its expected error bars, we define the ratio R_η(⃗q) = S^2_{t,η}(⃗q) <σ^2_η (⃗q, t)>_t . (A.41)

Here the variance of η, S^2_{t,η}, and the time average of the calculated variance σ^2_η, <σ^2_η(⃗q, t)>_t, can be calculated from N subsequent measurements. The ratio R_η(⃗q, t) is a two dimensional array in our measurements.

Bibliography

[1] Edited by D. Cornuéjols. Annual report 1993. Technical report, European Synchrotron Radiation Facility, BP 220 F-38043 Grenoble France, 1994.

[2] Editors: S.L. Hulbert and N.M. Lazarz. Annual report 1992. Technical Report BNL 52317, National Synchrotron Light Source, 1993.

[3] K. Exner. Sitzungsber. Kaiserl. Akad. Wiss. (Wien), 76:522, 1877.

[4] K. Exner. Wiedemanns. Ann. Phys., 9:239, 1880.

[5] M. von Laue. Sitzungsber. Akad. Wiss. (Berlin), 44:1144, 1914.

[6] J.C. Dainty, editor. Laser Speckle and Related Phenomena. Springer-Verlag, Berlin, New York, second edition, 1984.

[7] R. Alben, G.S. Cargill, III, and J. Wenzel. Anisotropy of structural models for amorphous materials. Phys. Rev. B, 13:835–842, 1972.

[8] A. Garg and D. Levine. Speckle in the diffraction patterns of Hendricks-Teller and icosahedral glass models. Phys. Rev. Lett., 60:2160, 1988.

[9] Anupam Garg and Dov Levine. Garg and Levine reply. Phys. Rev. Lett., 63:1439, 1989.

[10] K.F. Ludwig, Jr. Comment on “Speckle in the diffraction patterns of Hendricks- Teller and icosahedral glass models”. Phys. Rev. Lett., 61:1526, 1988.

[11] X.B. Kan and J.L. Robertson. Comment on “Speckle in the diffraction patterns of Hendricks-Teller and icosahedral glass models”. Phys. Rev. Lett., 63:1438, 1989.

[12] B. J. Berne and R. Pecora. Dynamic Light Scattering. John Wiley & Sons, Inc., New York, 1976.

[13] B. Chu. Laser Light Scattering: Basic Principles and Practice. Academic Press, Boston, Toronto, second edition, 1991.

[14] S.B. Dierker. X-ray photon correlation spectroscopy at the NSLS. Technical report, National Synchrotron Light Source, Brookhaven National Laboratory, Upton, NY, 11973, 1995. (July Newsletter).

[15] M. Sutton, S.G.J Mochrie, T. Greytak, S.E. Nagler, L.E. Berman, G.A. Held, and G.B Stephenson. Observation of speckle by diffraction with coherent X-rays. Nature, 352:608, 1991.

134 BIBLIOGRAPHY

[16] Z.H. Cai, B. Lai, W.B. Yun, and I. McNulty. Observation of X-ray speckle by coherent scattering at grazing incidence. Phys. Rev. Lett., 73:82–85, 1994.

[17] I.K. Robinson, R. Pindak, R.M. Fleming, S.B. Dierker, K. Ploog, G. Grübel, D.L.

Abernathy, and J. Als-Nielsen. Observation and explanation of one-dimensional x-ray speckle patterns from synthetic multilayers. Phys. Rev. B, 52:9917–9924, 1995.

[18] R. Pindak, R.M. Fleming, I.K. Robinson, and S.B. Dierker. The effect of the longitudinal coherence length on the crossover from incoherent to coherent diffraction. Annual Report BNL 52317, National Synchrotron Light Source, 1993. p382.

[19] S. Brauer, G.B. Stephenson, M. Sutton, R. Brüning, E. Dufresne, S.G.J. Mochrie, G. Grübel, J. Als-Nielsen, and D.L. Abernathy. X-ray intensity fluctuation spectroscopy observations of critical dynamics in Fe_3Al. Phys. Rev. Lett., 74:2010– 2013, 1995.

[20] F. Bley, F. Livet, J.C. Leroux, J.P. Simon, D. Abernathy, J. Als-Nielsen, G. Gruebel, G. Vignaud, G. Dolino, J.F. Legrand, D. Camel, N. Menguy, and M. Papoular. High q-resolution x-ray diffraction of ordered fe-al single crystals. Acta Cryst. A, 51:746–753, 1995.

[21] M. Sutton, S.G.J Mochrie, T. Greytak, S.E. Nagler, L.E. Berman, G.A. Held, and G.B Stephenson. Intensity fluctuation spectroscopy using coherent X-ray. Annual Report BNL 52317, National Synchrotron Light Source, 1991. p293.

[22] S.B. Dierker, R. Pindak, R.M. Fleming, I.K. Robinson, and L. Berman. X-ray photon correlation spectroscopy study of Brownian motion of gold colloids in glycerol. Phys. Rev. Lett., 75:449–452, 1995.

[23] B. Chu, Q.-C. Ying, F.-J. Yey, A. Patkowski, W. Steffen, and E.W. Fisher. An X-ray photon correlation experiment. Langmuir, 11:1419–1421, 1995.

[24] M.W. Kim, A.J. Schwartz, and W.I Goldburg. Evidence for the influence of hydrodynamics in a phase-separating fluid. Phys. Rev. Lett., 41:657–660, 1978.

[25] E. Dufresne, R. Brüning, M. Sutton, G.B Stephenson, B.G. Rodricks, C. Thompson, and S.E. Nagler. Intensity fluctuation spectroscopy using coherent X-ray. Annual Report BNL 52317, National Synchrotron Light Source, 1993. p381.

[26] B.E. Warren. X-Ray Diffraction. Dover Publications, Inc., New York, 1990.

[27] John M. Cowley. Diffraction Physics. North-Holland, Amsterdam, 2nd edition, 1981.

[28] T. Hashimoto, K. Nishimura, and Y. Takeuchi. Dynamics of transitional ordering process in Cu_3Au alloy from disordered state to ordered state. J. Phys. Soc. Jpn., 45:1127–1135, 1978.

BIBLIOGRAPHY 135

[29] Y. Noda, S. Nishihara, and Y. Yamada. Critical behavior and scaling law in ordering process of the first order phase transistion in Cu_3Au alloy. J. Phys. Soc. Jpn., 53:4241–4249, 1984.

[30] K.F. Ludwig, Jr., G.B. Stephenson, J.L. Jordan-Sweet, J. Mainville, Y.S. Yang, and M. Sutton. Nucleated and continous ordering in Cu_3Au. Phys. Rev. Lett., 61:1859, 1988.

[31] R.F. Shannon, Jr., C.R. Harkless, and S.E. Nagler. Effect of extra Cu on ordering kinetics in thin films of Cu_3Au. Phys. Rev. B, 38:9327, 1988.

[32] R.F. Shannon, Jr., S.E. Nagler, C.R. Harkless, and R. M. Nicklow. Time-resolved X-ray scattering study of ordering kinetics in bulk single-crystal Cu_3Au. Phys. Rev. B, 46:40–53, 1992.

[33] S.E. Nagler, R.F. Shannon, Jr., C.R. Harkless, and M.A. Singh. Time-resolved X-ray scattering study of ordering and coarsening in Cu_3Au. Phys. Rev. Lett., 61:718–721, 1988.

[34] J.D. Gunton, M. San Miguel, and P.S. Sahni. The dynamics of first-order phase transitions. In C. Domb and J.L Lebowitz, editors, Phase Transitions and Critical Phenomena, volume 8, pages 267–467. Academic Press, London, 1983.

[35] A.J. Bray. Theory of phase ordering kinetics. Advances in Physics, 43:357–459, 1994.

[36] C. Roland and M. Grant. Lack of self-averaging, multiscaling, and 1/f noise in the kinetics of domain growth. Phys. Rev. Lett., 63:551–554, 1989.

[37] E. Dufresne, R. Brüning, M. Sutton, G.B Stephenson, and B. Rodricks. A statistical technique for characterizing X-ray position-sensitive detectors. Nucl. Inst. and Meth. A, 364:380–393, 1995.

[38] M. Born and E. Wolf. Principles of Optics. Pergamon, Oxford, 1970.

[39] J.W. Goodman. Statistical Optics. John Wiley & Sons, Inc., New York, first edition, 1985.

[40] Giorgio Margaritondo. Introduction to Synchrotron Radiation. Oxford University Press, New York, 1988.

[41] A. G. Michette and C.J. Buckley, editors. X-Ray Science and technology. Institute of Physics Publishing, Bristol and Philadelphia, 1993.

[42] C. Kittel. Introduction to Solid State Physics. John Wiley & Sons, New York, sixth edition, 1986.

[43] D. Vaughan. X-ray data booklet. Technical Information Department, Lawrence Berkeley Laboratory, Berkeley, California 94720, 1986.

136 BIBLIOGRAPHY

[44] S. Brauer, G.B. Stephenson, and M. Sutton. Perfect crystals in the asymmetric Bragg geometry as optical elements for coherent X-ray beams. J. Synch. Rad., 2:163–173, 1995.

[45] X-M. Zhu, H. Zabel, I.K. Robinson, E. Vlieg, J.A. Dura, and C.P. Flynn. Surfaceinduced heterophase fluctuation. Phys. Rev. Lett., 65:2692, 1990.

[46] H. Dosch, L. Mailänder, H. Reichert, and J. Peisl. Long-range order near the Cu_3Au(001) surface by evanescent X-ray scattering. Phys. Rev. B, 43:13172– 13186, 1991.

[47] H. Reichert, P.J. Eng, H. Dosch, and I.K. Robinson. Thermodynamics of surface segregation profiles at Cu_3Au(001) resolved by X-ray scattering. Phys. Rev. Lett., 74:2006, 1995.

[48] B.D. Butler and J.B. Cohen. The structure of Cu_3Au above the critical temperature. J. Appl. Phys., 65:2214, 1989.

[49] P.N. Pusey. Statistical properties of scattered radiation. In H.Z. Cummins and E.R. Pike, editors, Photon Correlation Spectroscopy and Velocimetry, page 45. Plenum, New York, 1977.

[50] L.E. Berman. Preserving the high source brightness with X-ray beam line optics.

Rev. Sci. Instrum., 66:2041–2047, 1995.

[51] G. Grübel, D. Abernathy, G.B. Stephenson, S. Brauer, I. McNulty, S.G.J.

Mochrie, B. McClain, A. Sandy, M. Sutton, E. Dufresne, I.K. Robinson, R. Fleming, R. Pindak, and S. Dierker. Intensity fluctuation spectroscopy using coherent X-rays. Technical report, ESRF, March 1995. (ESRF Newsletter).

[52] S. Brauer, G. B. Stephenson, M. Sutton, S.G.J. Mochrie, R.M. Fleming, R. Pindak, I.K. Robinson, G. Grübel, J. Als-Nielsen, and D.L. Abernathy. Asymmetrically cut crystals as optical elements for highly collimated X-ray beams. Rev. Sci. Instrum., 66:1506–1509, 1995.

[53] B.L. Henke, E.M. Gullikson, and J.C. Davis. Low-energy X-ray interaction coefficients: Photoabsorption, scattering, and reflection. Atomic Data and Nuclear Data Tables, 54(2), 1993.

[54] Massimo Altarelli. Physics with third generation synchrotron sources. Phys.

Scripta, T55:9–13, 1994.

[55] Nuclear Data Center, online database at Brookhaven National Laboratory. Telnet to bnlnd2.dne.bnl.gov, username nndc, search the X-ray absorption database.

[56] J.W. Christian. The Theory of Transformations in Metals and Alloys Part I.

Equilibrium and General Kinetic Theory. Pergamon Press, New York, 2nd edition, 1975.

BIBLIOGRAPHY 137

[57] Qun Shen, C.C. Umbach, B. Weselak, and J. M. Blakely. X-ray diffraction from a coherently illuminated Si(001) grating surface. Phys. Rev. B, 48:17967, 1993.

[58] S. Tanaka, C.C. Umbach, Q. Shen, and J. M. Blakely. Atomic diffusion and strain measurement on Si grating structures by X-ray diffraction. In MRS Spring 95 Proceedings, 1995.

[59] P.C. Hohenberg and B.I. Halperin. Theory of dynamic critical phenomena. Rev.

Mod. Phys., 49:435, 1977.

[60] Ken Elder. Langevin simulations of nonequilibrium phenomena. Computers in Physics, 7(1):27–33, 1993.

[61] B. Morin, K.R. Elder, and M. Grant. Theory for quenches from ordered states in nonconserved systems. Phys. Rev. B, 47:2487–2492, 1993.

[62] W. H. Press, S. A. Teukolsky, W. T. Vettering, and B. P. Flannery. Numerical Recipes in C. Cambridge University Press, Cambridge, second edition, 1992.

[63] R. Srinivasan. Some Statistical Applications in X-ray Crystallography. Pergamon Press, Oxford, New York, 1st edition, 1975.

[64] B.R. Frieden. Probability, Statistical Optics and Data Testing. Springer–Verlag, New York, second edition, 1991.

[65] C. Roland. Growth and Scaling in First-Order Phase Transitions. PhD thesis, McGill University, 1989.

[66] S. Brauer, J.O. Ström-Olsen, M. Sutton, Y.S. Yang, A. Zaluska, G.B. Stephenson, and U. Köster. In situ X-ray studies of rapid crystallization of amorphous NiZr_2. Phys. Rev. B, 45:7704, 1992.

[67] Byungwoo Park, G. Brian Stephenson, Samuel M. Allen, and Karl F. Ludwig, Jr.

The development of fluctuations into domains during ordering in Fe_3Al. Phys. Rev. Lett., 68:1742, 1992.

[68] R. Clarke, W. Dos Passos, W. Lowe, B.G. Rodricks, and C. Brizard. Real-time X-ray studies of strain kinetics in In_xGa_{1−x}As quantum wells structures. Phys. Rev. Lett., 66:317, 1991.

[69] R.C. Jones. Quantum efficiency of detectors for visible and infrared radiation.

Adv. Electron. Electron Phys., 11:87, 1959.

[70] Steven S. Vogt, Robert G. Tull, and Philip Keaton. Self-scanned photodiode array: High performance operation in high dispersion astronomical spectrophotometry. Appl. Optics, 17:574–591, 1978.

138 BIBLIOGRAPHY

[71] G. B. Stephenson. Early-stage phase separation in amorphous solids: a time resolved SAX study. Technical Report Report 82/05, Stanford Synchrotron Radiation Laboratory, 1982. p140.

[72] James R. Janesick, Kenneth P. Klaasen, and Tom Elliott. Charge-coupled-device charge-collection efficiency and the photon-transfer technique. Optical Engineering, 26:972–980, 1987.

[73] William R. Leo. Techniques for Nuclear and Particle Physics Experiments.

Springer–Verlag, New York, 1987.

[74] Jacques Mainville. A Time Resolved X-Ray Study of Spinodal Decomposition in Aluminium Zinc. PhD thesis, McGill University, 1992.

[75] L.N. Koppel. Direct X-ray response of self-scanning photodiode arrays. Adv.

X-ray Anal, 19:587, 1976.

[76] Brian Rodricks and Christine Brizard. Programmable CCD imaging system for synchrotron radiation studies. Nucl. Inst. and Meth. A, 311:613–619, 1992.

[77] Christine Brizard and Brian Rodricks. Programmable CCD imaging system for synchrotron radiation studies. Rev. Sci. Instrum., 63:802–805, 1992.

[78] Brian Rodricks, Roy Clarke, Robert Smither, and Alain Fontaine. A virtual phase CCD detector for synchrotron radiation application. Rev. Sci. Instrum., 60:2586–2591, 1989.

[79] Roy Clarke, Brian Rodricks, and Robert Smither. Virtual phase CCD X-ray detectors. Rev. Sci. Instrum., 60:2280–2283, 1989.

[80] L.E. Berman, J.B. Hastings, T. Oversluizen, and M. Woodle. Optical design and performance of the X25 hybrid wiggler beam line at the national synchrotron light source. Rev. Sci. Instrum., 63:428–432, 1992.

[81] G. Decker, J. Galayda, L. Solomon, and M. Kitamura. Magnetic measurements on insertion devices at NSLS. Rev. Sci. Instrum., 60:1845, 1989.

[82] G.O. Reynold, J.B. DeVelis, G.B. Parent, Jr., and B.J. Thompson. The New Physical Optics Notebook: Tutorials in Fourier Optics. SPIE Optical Engineering Press, Washington, New York, 1989.

[83] D. Shu, B. Rodricks, J. Barraza, T. Sanchez, and T.M Kuzay. The APS X-ray undulator photon beam position monitor and tests at CHESS and NSLS. Nucl. Inst. and Meth. A, 319:56–62, 1992.

[84] E.D. Johnson, Anne-Marie Fauchet, and X. Zhang. Correlation of photon beam motion with vacuum chamber cooling on the NSLS X-ray ring. Rev. Sci. Instrum., 63:513–518, 1992.

BIBLIOGRAPHY 139

[85] D.C. Mancini and D.H. Bilderback. X-ray mirror surfaces evaluated by an X-ray topographical technique. Nucl. Inst. and Meth., 208:263–272, 1983.

[86] S. Ferrer, F. Comin, A. Santoni, V. Etgens, X. Torrelles, and V. Formoso. X-ray Fraunhofer diffraction from a mirror at grazing angles. Nucl. Inst. and Meth. B, 100:536–539, 1995.

[87] R.A. Shore, B.J. Thompson, and R.E. Whitney. Diffraction by apertures illuminated with partially coherent light. J. Opt. Soc. Am., 56:733–738, 1966.

[88] E. Dufresne, M. Sutton, G.B. Stephenson, S. Brauer, I. McNulty, S.G.J. Mochrie, G. Grübel, and D.L. Abernathy. X-ray intensity fluctuation spectroscopy observations of critical dynamics in Fe_3Al. Preliminary Report, June 1995.

[89] A.P.Y. Wong and P. Wiltzius. Dynamic light scattering with a CCD. Rev. Sci.

Instrum., 64:2547–2549, 1993.

[90] K.J. McCarty and A. Wells. Measurements and simulations of X-ray quantum efficiency and energy resolution of large area CCDs between 0.3 and 10kev. SPIE. EUV, X-ray, and Gamma-Ray Instrumentation for Astronomy III, 1743:211–222, 1992.