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The recent availability of X-ray pixel-array detectors with nanosecond time

resolution now allows X-ray photon correlation spectroscopy (XPCS) studies of

nanosecond dynamics in materials. However, a storage-ring source of synchro-

tron radiation has temporal structure in the nanosecond domain which can

contribute strongly to observed time correlation functions, especially for non-

uniform fill patterns. When detectors can resolve them, such source effects

extend out to tens of microseconds in typical XPCS analysis. Here it is shown

how to characterize and remove the contribution from the source. Because the

sample dynamics are uncorrelated with the source, the source time correlation

function contributes simply as a multiplicative factor in the observed correlation

function. Our results demonstrate that it is possible to measure the effect of

source time structure from XPCS datasets and to remove it accurately, to reveal

the dynamics of the sample into the nanosecond regime. Since non-uniform fill

patterns are often used at storage-ring X-ray sources, this greatly extends the

availability of beam time suitable for high-speed XPCS.

1. Introduction

The advent of storage-ring X-ray facilities with extremely high

coherent flux (Raimondi et al., 2023; Shi et al., 2025), coupled

with event-driven pixel-array detectors that record the arrival

time of X-rays in each pixel with nanosecond-scale precision

(Correa et al., 2024; Chushkin et al., 2025; Llopart et al., 2022;

Hövelmann et al., 2026), is producing a revolution in the time

resolution of X-ray photon correlation spectroscopy (XPCS)

(Shpyrko, 2014). This method is the extension of dynamic light

scattering to the X-ray domain, allowing study of dynamic

phenomena at much smaller length scales. Since processes at

small length scales often occur at much faster time scales, the

ability to reach the nanosecond regime is a critical develop-

ment. XPCS experiments resolve the time dependence of the

‘speckle’ pattern produced by coherent illumination of a

disordered sample. The dynamics are characterized using an

intensity–intensity time correlation function. Initial publica-

tions on XPCS experiments using the event-driven detectors

are just beginning to appear (Striker et al., 2026). The exten-

sion of storage-ring XPCS into the nanosecond regime will

provide overlap with split-pulse methods (Roseker et al., 2018;

Sun et al., 2021; Sun et al., 2020) at X-ray free-electron laser

facilities (Schoenlein et al., 2017; Tschentscher, 2023;

Tschentscher et al., 2017), that have demonstrated sub-nano-

second resolution using speckle visibility spectroscopy
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(Lehmkühler et al., 2021). Crucially, these experiments also

overlap with the time and length scales accessible using

molecular dynamics simulations (Mohanty et al., 2022; Chen

et al., 2025; Sundararaman et al., 2026), which can provide

detailed understanding of dynamic mechanisms. High-speed

XPCS is poised for application in a broad range of physics,

chemistry, and biology investigations.

One feature of storage-ring facilities is the temporal struc-

ture of the X-ray source on time scales of microseconds and

below, owing to the fill pattern of the electron bunches in the

accelerator (Cammarata et al., 2009) (see Fig. 1). The fill

pattern, and its effect on time correlation functions, has typi-

cally been observed using fast single-pixel detectors such as

avalanche diodes (Holldack et al., 2007; Lee et al., 2022; Brosi

et al., 2025). This periodic time structure is now observable

using the new event-driven pixel-array detectors, and will

introduce large features into the time correlation functions

obtained during high resolution XPCS measurements. The

goal of this report is to show how to measure the time

correlations introduced by storage-ring sources, and how to

remove them from XPCS data.

Initial XPCS experiments in the nanosecond regime have

also been performed with very-high-speed framing detectors,

which record sequences of complete images (Jo et al., 2021).

Event-driven detectors promise to greatly accelerate this

progress, because of their unlimited range of lag times, small

pixel size, and low cost (Chushkin et al., 2025). The methods

developed here can also be applied to XPCS data from

framing detectors when the source time structure is resolved.

In this paper, we first discuss the separation of source,

detector, and sample contributions to the observed time

correlation function g(2). We show experimental results for the

source contribution, for different non-uniform fill patterns. We

then demonstrate that normalization of the observed g(2) by

the source and detector contributions results in the sample

contribution, for both static and dynamic samples. This allows

extraction of diffusion relaxation times down to 1 ms and

below from a nanoparticle colloid. Finally we discuss the

implications of this correction method to allow using standard

fill patterns for high-speed XPCS. While we verify the

normalization method using XPCS data from an isotropic

sample with simple dynamics taken in the small-angle scat-

tering geometry, the same methodology can be applied to

XPCS data from other geometries or with more complex

dynamics. Likewise, while the verification uses data from some

specific fill patterns, the method applies to any fill pattern.

2. Combined dynamics of source and sample

One can write the time dependence of the measured signal in a

detector pixel corresponding to a scattering wavevector q as

IpðtÞ ¼ I0ðtÞRðq; tÞ; ð1Þ

where I0(t) is the time-dependent intensity of the source and

R(q, t) is the instantaneous speckle pattern produced by the

sample (i.e. fraction of intensity into that pixel).

2.1. Autocorrelation function

The fluctuations in the intensity in a given pixel Ip(t) can be

characterized by the time autocorrelation function (ACF) for

the wavevector q (Shpyrko, 2014),

gð2Þðq;�tÞ ¼
hIpðtÞ Ipðt þ�tÞi

hIpðtÞi
2

; ð2Þ

where �t is the lag time and h . . . i is an ensemble average.

The goal of XPCS measurements is to obtain the fluctua-

tions in the speckle pattern from the sample R(q, t), which can

be characterized by

gð2Þsampðq;�tÞ ¼
hRðq; tÞRðq; t þ�tÞi

hRðq; tÞi2
: ð3Þ

A key aspect of our analysis is the presumption that the

dynamics from the source and sample are uncorrelated. This

will be valid unless the source intensity is sufficiently strong to

drive oscillations in the sample structure on the time scale of

the source variations (e.g. microseconds). Typical equilibrium

XPCS studies are far from this condition. Since the dynamics

from the source and the sample are uncorrelated, we have

hIp(t) Ip(t + �t)i = hI0(t) I0(t + �t)ihR(q, t) R(q, t + �t)i, and

the correlation function for the observed intensity Ip(t) simply

factors into the product of those for the source and the sample,

gð2Þðq;�tÞ ¼ gð2Þsrcð�tÞ g
ð2Þ
detð�tÞ gð2Þsampðq;�tÞ; ð4Þ

where fluctuations in the source intensity are characterized by

gð2Þsrcð�tÞ �
hI0ðtÞ I0ðt þ�tÞi

hI0ðtÞi
2

; ð5Þ

and we have also included a factor g
ð2Þ
detð�tÞ to model any

effects introduced by the detector, such as the effect of

detector dead time (discussed in Section 5.1).

Thus according to equation (4) we should be able to divide

the observed ACF g(2)(q, �t) by the contributions from the

source fill pattern gð2Þsrcð�tÞ and the detector g
ð2Þ
detð�tÞ to obtain
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Figure 1
Schematics of non-uniform electron bunch fill patterns in a storage ring,
showing the partial filling of RF ‘buckets’ that produces time structure in
the X-ray source. Parts (a) and (b) correspond to the 2 � (1/3) and (7/8)
fill patterns, respectively. The cycle time of electrons in the ESRF storage
ring is tring = 2.8152 ms.



the contribution from the sample dynamics. We demonstrate

this using measurements of gð2Þsrcð�tÞ and g
ð2Þ
detð�tÞ.

2.2. Ensemble average

A central aspect of XPCS analysis is the method used to

obtain the ensemble average h . . . i needed in the calculation

of g(2). For a dynamic sample, where the measurement time is

much longer than the fluctuation relaxation time, an average

over time t can be used for the ensemble average. To obtain

the speckle contrast of a static sample, or when additional

averaging is needed to improve statistics, an average over

equivalent pixels on the detector is also typically used. For

an isotropic sample, g(2) depends only on the wavevector

magnitude q � |q|, and all pixels at fixed q are equivalent. In

the small-angle scattering geometry, the average can be over

the azimuthal angle � of a circle on the detector with pixels at

fixed q, and equation (2) can be written as

gð2Þðq;�tÞ ¼
hIpðtÞ Ipðt þ�tÞit;�

�IðqÞ
2

; ð6Þ

where h . . . it,� is the average over time and �, and the average

scattering is �IðqÞ � hIpit,�.

As in typical small-angle XPCS analysis, we take averages

over pixels falling within an annulus on the detector having an

average wavenumber �q and a finite width �q. This gives a

quantity

gð2Þannð �q;�tÞ ¼

�
hIpðtÞ Ipðt þ�tÞit;�

�

�q

h �IðqÞi2�q

; ð7Þ

where h . . . i�q is the average over the q values within the

annulus. A correction can be made for the error that this

introduces by assuming that the numerator and denominator

of equation (6) both vary with q by the same factor within the

annulus, and their ratio is relatively constant. In this case we

can write

�
hIpðtÞ Ipðt þ�tÞit;�

�

�q
’ gð2Þð �q;�tÞ h �IðqÞ

2
i�q; ð8Þ

which gives

gð2Þannð �q;�tÞ ’ gð2Þð �q;�tÞ
h �IðqÞ

2
i�q

h �IðqÞi2�q

: ð9Þ

We can thus relate gð2Þsamp to the pixel intensities by

gð2Þð �q;�tÞ ¼ gð2Þsrcð�tÞ g
ð2Þ
detð�tÞ gð2Þsampð �q;�tÞ

’

�
hIpðtÞ Ipðt þ�tÞit;�

�

�q

h �IðqÞ
2
i�q

: ð10Þ

2.3. Cross-correlation function

The time cross-correlation function (CCF) between two

neighboring pixels can be useful because it eliminates the

detector dead time limitation for fast correlations (Chushkin

et al., 2025). It can be written as

gð2ÞCðq;�tÞ ¼
hIpðtÞ Ipþ�ðt þ�tÞi

hIpðtÞi
2

; ð11Þ

where p + � indicates a neighbor of pixel p. Here in the

denominator we neglect the small difference in q of the

neighboring pixels. In this case the CCF of the speckle pattern

from the sample is

gð2ÞCsampðq;�tÞ ¼
hRðq; tÞRðq0; t þ�tÞi

hRðq; tÞi2
; ð12Þ

where q0 corresponds to the neighboring pixel. As discussed in

Section 3, this will typically have a lower contrast than the

ACF, but should have the same dynamics. We can follow the

same analysis given above for the ACF to relate gð2ÞCsamp to the

pixel intensities,

gð2ÞCð �q;�tÞ ¼ gð2Þsrcð�tÞ g
ð2ÞC
det ð�tÞ gð2ÞCsampð �q;�tÞ

’

�
hIpðtÞ Ipþ�ðt þ�tÞit;�

�

�q

h �IðqÞ
2
i�q

: ð13Þ

As we shall see in Section 5.1, the contribution of the detector

to the CCF, g
ð2ÞC
det ð�tÞ, can differ from its contribution to the

ACF, g
ð2Þ
detð�tÞ.

3. Experimental setup

The experiments were carried out at the European Synchro-

tron Radiation Facility (ESRF) beamline ID10-COH, after

the EBS upgrade (experiment number SC-5691). We used a

combination of undulators (two U27 and one U35) to provide

maximum coherent flux. The Si (111) monochromator was set

to a photon energy of 11.5 keV (� = 1.078 Å). Focusing was

performed using a compound refractive lens transfocator

located at 36 m to image the source at the sample position

(61 m). The incident beam was then defined by 10 mm� 10 mm

slits, 0.765 m upstream of the sample. This gave a typical

incident flux of 1.5 � 1011 photons s� 1 with no attenuation.

To observe the arrival times of photons with high time and

spatial resolution, we employed the TEMPUS detector

(Correa et al., 2024). It is based on the Timepix4 chip (Llopart

et al., 2022), with (512 � 448) pixels of 55 mm size. The

0.5 mm-thick Si sensor was biased at 100 V, which gave a time-

of-arrival resolution of about 70 ns due to the electron drift

time in the sensor. The photon threshold was set to 40 mV, and

the Krummenacher current was set to 47 nA. The dead time

for detecting a second photon in the same pixel was about

500 ns. There was also a small suppression of second photon

events lasting about 1 ms (see the discussion in Section 5.1).

We used a transmission small-angle scattering geometry with a

sample-to-detector distance of 7.06 m.

The ESRF circumference of 843.977 m corresponds to a

ring period of tring = 2.8152 ms for the circulating relativistic

electrons. The ESRF has a harmonic number of 992, i.e. there

are 992 oscillations or ‘buckets’ in the 352.37 MHz RF field

around the ring that can each contain electron bunches. This

gives a spacing of 2.8379 ns between buckets. A 992-bunch

uniform fill at ESRF thus gives flashes of X-rays at the bucket
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period, which is significantly smaller than the time resolution

of the detector we used, so the uniform fill acts like a

continuous source and thus is the most suited fill pattern for

high-speed XPCS. Conversely, non-uniform fill patterns

produce time structure that can typically be resolved by the

detector. We studied the effects of two non-uniform fill

patterns, labeled 2 � (1/3) and (7/8) (see Fig. 1). Each ring

period of the 2 � (1/3) fill pattern had two regions of full

buckets, each occupying nominally 1/3 of the ring (�0.94 ms),

separated by gaps of�0.47 ms. Each ring period of the (7/8) fill

pattern had one region of full buckets, occupying nominally

7/8 of the ring (�2.46 ms), with one gap of �0.35 ms. While

non-uniform fill patterns are the most common ones used at

ESRF, these particular patterns were non-standard ones, used

temporarily because of ring vacuum issues.1

Two samples were studied, a static Vycor porous glass

sample of 200 mm thickness with nanoscale structure due to

phase separation, and a dynamic colloid sample of nominally

20 nm-diameter silica nanoparticles in water (5 mg ml� 1,

silanol surface)2 in a 2 mm-diameter capillary. Unless other-

wise noted, the temperature of the colloid was 22�C, including

a +2�C offset from the temperature control setpoint due to

estimated heating of the sample by the unattenuated beam.

Figs. 2(a) and 2(b) show typical time-averaged small-angle

scattering patterns from the Vycor and colloid samples. The

Vycor sample gives a ring of scattering with an average radius

corresponding to q ’ 0.023 Å� 1, consistent with its phase-

separated structure, while the colloid sample gives a peak

centered at q = 0, consistent with a spherical nanoparticle form

factor. As shown in Fig. S1 of the supporting information,

scattering data obtained out to higher q could be fit to give

an average particle radius hRi = 10.9 nm and polydispersity

�R /hRi = 0.13.

The TEMPUS detector produces a data stream including

arrival times and positions of each detected photon. Since the

maximum total count rate of the detector is limited by the

transmission speed of this link, only the data from ‘good’

pixels were transmitted; we masked out regions in the direct

beam or having significant background scattering from

upstream slits, and pixels giving signal when there was no

X-ray illumination. The mask used is shown as the black pixels

in Fig. 2. For purposes of data storage and processing, this data

stream was broken into a sequence of ‘chunks’ of duration

0.1 s. A typical XPCS dataset consisted of many thousands of

chunks. Each chunk was processed using an event correlator

(Chushkin et al., 2012) to give the ACF gð2Þð �q;�tÞ of equation

(10) for 12 annuli having �q equally spaced on a logarithmic

scale to form a geometric sequence between 0.0039 and

0.0266 Å� 1, shown as colored areas in Fig. 2(c). These were

calculated for a set of lag times �t with a linear spacing of

20 ns, and were subsequently binned into a logarithmically

spaced set of lag times. The results were then averaged over

the many chunks recorded. At this step, chunks with identified

data issues could be discarded. In our case, these were a few

chunks with detector system communications errors, and a

sequence in one dataset with streaky images due to a bubble

passing through the beam. A separate paper on the TEMPUS

analysis pipeline is in preparation.

We also calculated the CCF between neighboring pixels

(Chushkin et al., 2025), gð2ÞCð �q;�tÞ, of equation (13). The CCF

allows observation of lag times as small as the 70 ns arrival

time resolution of the detector, not limited by the 500 ns dead

time of a given pixel (the minimum time lag for a second

photon to be detected in the same pixel). When the speckle

size is comparable with or larger than a pixel, the CCF is
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Figure 2
Time-averaged scattering patterns from (a) Vycor and (b) colloid
samples, for unattenuated incident beam. (c) Mask used to define annular
q ranges for g(2). All plotted in pixel coordinates. The direct beam is
centered at pixel (425, 498).

1 The most commonly used filling pattern at ESRF-EBS is the so-called (7/8) +
1, similar to the described (7/8) mode but with a single intense bunch centered

in the (7/8) gap.
2 Nanocomposix silica nanospheres, 20 nm [NanoXact, 5 mg ml� 1, standard
(Silanol), 25 ml, water], https://nanocomposix.com/collections/silica-nano
particles/products/20-nm-silica-nanospheres.



similar to the standard ACF with a reduced contrast. Fig. 3

shows the spatial cross-correlation of the speckle pattern from

the static Vycor sample. This gives a speckle size of �1.5

pixels and a contrast reduction from�37% for the ACF (from

the value at pixel 0) to �10% for the CCF (from the value at

pixel �1). One can see that if the speckle width decreases

below �1.5 pixels, the CCF contrast will quickly approach

zero. Because of the symmetric scattering geometry and

speckle contrast, we averaged the CCFs obtained for neigh-

bors in the vertical and horizontal directions to improve

statistics.

4. Determining gsrc
(2)(Dt)

4.1. Arrival time distributions

Fig. 4(a) shows typical I0(t) determined from histograms of

the arrival times of photons for the 2 � (1/3) and (7/8) fill

patterns, obtained by summing over all pixels and binning over

several seconds of data from the Vycor sample. The 70 ns

FWHM arrival time resolution of the detector is evident in the

rise and fall times surrounding the gaps in the fill patterns. One

can see that the actual fill patterns differ from the ideal square

waves shown schematically in Fig. 1; the intensity during the

region of ‘full’ buckets is not constant. Thus the measured

gð2Þsrcð�tÞ gives a better correction factor than the gð2Þsrcð�tÞ

calculated based on an ideal square wave. Calculations of

gð2Þsrcð�tÞ from ideal square waves and comparisons with

measurements are given in Section VII of the supporting

information.

4.2. Measuring gsrc
(2)(Dt)

Because the contribution from the time structure of the

source affects all pixels in the scattering patterns, it is unne-

cessary to have a separate fast detector to measure gð2Þsrcð�tÞ.

For an equilibrium sample that is ergodic in the sense that all

microstates are simultaneously present in the illuminated

volume, the source time dependence I0(t) can be obtained by

summing Ip(t) over a range of q including a large number of

speckles, or equivalently including the arrival times of the

photons in a large range of pixels, as in Fig. 4(a). Equation (5)

can then be used to obtain gð2Þsrcð�tÞ. (It is more efficient to use

a standard intensity correlator rather than an event correlator

for this high summed intensity.) It is not necessary to use a

static sample which introduces no dynamics if the intensity

in many speckles is summed, since the contribution from any

dynamics in an ergodic equilibrium sample will be negligible.

Thus the needed gð2Þsrcð�tÞ can be obtained from the same

sample and dataset used to obtain gð2Þð �q;�tÞ by using Ip

summed over all pixels in each annulus. (The results for each

annulus should be equivalent.) If the XPCS sample is not

ergodic, a different equilibrium or static sample can be used.

However, an advantage of using the gð2Þsrcð�tÞ calculated from

the same dataset for normalization is that this will avoid errors

from any changes to the fill pattern that may occur during the

time period between samples. Fig. S12 in the supporting

information shows how the gð2Þsrcð�tÞ measured for the same fill

pattern at different times can change. Measured gð2Þsrcð�tÞ from

the Vycor sample for the two fill patterns are shown in

Fig. 4(b). The amplitude of gð2Þsrc is smaller for the (7/8) fill than

for the 2 � (1/3) fill because of its more uniform I0(t).

Owing to the strictly periodic nature of the circulating

electrons in a storage ring, the intensity correlations extend

with constant amplitude to arbitrarily long lag times. Typical

XPCS data analysis uses logarithmically spaced lag time bins,
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Figure 3
Spatial cross-correlation of the time-averaged speckle pattern from
Vycor, to determine the speckle size of 1.52 pixels and reduced contrast
between neighboring pixels.

Figure 4
(a) Measured intensity versus time and (b) source time correlation
function for 2 � (1/3) and (7/8) fill patterns.



which average over larger ranges of �t at larger �t, gradually

smoothing out the structure in gð2Þsrcð�tÞ. Logarithmically

binned gð2Þsrcð�tÞ are shown in Figs. 5(a) and 6(a). While the

amplitude of the binned gð2Þsrc decreases with increasing �t,

significant amplitude remains out to tens of microseconds lag

time. Thus normalization of the measured g(2) by gð2Þsrc is needed

whenever the source has a time structure and the detector has

sufficient time resolution to record it.

5. Normalizing g(2)(Dt)

5.1. Results: static sample

For a static sample, the lag time dependence of g(2)(�t)

should be given solely by those of the source and detector.

Fig. 5(a) compares the ACF and CCF results for the Vycor

sample and the 2 � (1/3) fill pattern, obtained using equations

(10) and (13), to the measured gð2Þsrcð�tÞ of equation (5), all

averaged over the region of more intense scattering (q bins 9

to 11, 0.015 Å� 1 < q < 0.025 Å� 1). The ratios are shown in

Fig. 5(b), which represent measurements of the detector

contributions g
ð2Þ
detð�tÞ and g

ð2ÞC
det ð�tÞ and the speckle contrast.

Fig. 6 shows the corresponding results for the static Vycor

sample measured using the (7/8) fill pattern.

For both fill patterns, the main lag-time structure in both the

ACF and CCF corresponds to gð2Þsrcð�tÞ. The valid ACF extends

to lag times down to �500 ns, corresponding to the dead time

of a pixel, while the valid CCF extends down to lag times of

�80 ns, corresponding to the photon arrival time resolution.

Above these limits, the CCF ratio gð2ÞC=gð2Þsrc is independent

of �t, while the ACF ratio gð2Þ=gð2Þsrc shows a slight dependence

on �t.

We attribute the small dependence of the ACF gð2Þ=gð2Þsrc on

�t to an artifact in the detector electronics where the effective

photon threshold for the second photon is raised for a short

time after the arrival of the first photon in the same pixel,

because of an undershoot in the preamplifier output (Sune et

al., 2024). This reduces the probability of detecting the second

photon by a small amount, reducing g(2)(�t). Such an effect

would not be present in the CCF, consistent with our obser-

vation. Since we expect the correlation function for the static

sample to be a constant, gð2Þsamp = 1 + �0, independent of �t, we

have fit the ACF ratios for �t > 500 ns to the form

gð2Þð�tÞ=gð2Þsrcð�tÞ ¼ ð1þ �0Þ g
ð2Þ
detð�tÞ ð14Þ

¼ ð1þ �0Þ
�
1þ � expð� 2 �t=�detÞ

�
:

For the 2 � (1/3) fill pattern we obtain �0 = 0.370, � = � 0.0125,

and �det = 13 ms, while for the (7/8) fill pattern we obtain �0 =

0.377, � = � 0.0128, and �det = 12 ms. The average values of the

CCF ratios gð2ÞC=gð2Þsrc for �t > 80 ns give 1 + �C
0 = 1.095 for the

2 � (1/3) fill pattern and 1þ �C
0 = 1.098 for the (7/8) fill

pattern.

In summary, the normalization of the observed g(2)(�t) by

gð2Þsrcð�tÞ from equation (5) is very successful in removing the

strong oscillations due to the source time structure, and even

reveals a weak dependence of the ACF on lag time which we

attribute to a detector artifact.

5.2. Results: dynamic sample

We now turn to normalization of the time structure

produced by the fill pattern in the data from the dynamic

colloid sample. Figs. 7–10 illustrate the importance of

normalizing out the time structure produced by the fill pattern.

Fig. 7(a) shows the ACF gð2Þð �q;�tÞ at various �q for the colloid

sample measured with the 2 � (1/3) fill pattern, without any

normalization. (We analyze data only from the first 11 q bins,
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Figure 5
(a) Measured ACF, CCF, and gð2Þsrc from a static Vycor sample for the
2 � (1/3) fill pattern. (b) Ratios of the ACF and CCF to gð2Þsrc.

Figure 6
(a) Measured ACF, CCF, and gð2Þsrc from a static Vycor sample for the (7/8)
fill pattern. (b) Ratios of the ACF and CCF to gð2Þsrc.



since the data for q bin 12 are too noisy.) The lag time

dependence is dominated by the strong structure from the fill

pattern, which is similar to that shown in Fig. 5(a). Fig. 7(b)

shows the values normalized by the measured gð2Þsrcð�tÞ for each

q bin, as well as by the weak effect of g
ð2Þ
detð�tÞ obtained from

the fit to the Vycor ACF data, equation (14). This normal-

ization has successfully removed even the very large ampli-

tude structure produced by the 2 � (1/3) fill pattern.

Fig. 8 shows the equivalent results for the CCF function

g(2)C of the colloid sample with the 2 � (1/3) fill pattern. In this

case we do not include g
ð2Þ
detð�tÞ in the normalization, since the

Vycor CCF data indicate that it is negligible. Compared with

the ACF results, the valid values extend to lower lag times, and

the contrast is smaller, as expected. Thus the correction for the

source time structure is even more important for the CCF.

Figs. 9 and 10 show the results obtained for the colloid

sample using the (7/8) fill pattern. While the source time

correlations introduced from this fill pattern have a lower

amplitude than those from the 2 � (1/3) fill pattern, it is still

important to remove them, especially for the CCF data. The

normalization scheme shown does an excellent job.

As a check, we also acquired ACF and CCF data from the

colloid using the ESRF 992-bunch uniform fill mode (see

Figs. S4–S6 of the supporting information). As expected, the

source contribution gð2Þsrc calculated from these data using

equation (5) is virtually constant, and the primary correction

needed for the ACF is g
ð2Þ
det.

5.3. Fits to obtain relaxation times

The sample correlation functions obtained after correcting

the observed correlation functions for the source and detector

can be analyzed to characterize the underlying dynamics in the

sample. In the case of colloidal nanoparticles, we expect the

dynamics to be dominated by the diffusion of the particles. For

a monodisperse colloid of equal size particles, we expect

simple exponential behavior of the correlation function at

each �q,

gð2Þsampð �q;�tÞ ¼ Bð �qÞ þ �ð �qÞ exp ½ � 2 �t=�ð �qÞ�; ð15Þ

where B is a baseline near unity, the relaxation time �(q) is

related to the nanoparticle diffusivity D by

�ðqÞ ¼ D q2
� �� 1

; ð16Þ

and the contrast � can also have a q dependence related to

variation of the resolution of the speckle pattern with scat-

tering angle.

When the relaxation time is much larger than the minimum

observable lag time �tmin, but much smaller than the

maximum observable lag time �tmax, it is typically straight-

forward to fit gð2Þsampð �q;�tÞ at each �q to obtain Bð �qÞ, �ð �qÞ, and

�ð �qÞ. At �t� �, gð2Þsamp! B, while, at �t� �, gð2Þsamp! B + �,

and � is determined by the lag time at which gð2Þsamp transitions

between these limits.

For the current data this works reasonably well for the

CCFs, which have a minimum lag time �tmin ’ 80 ns.

However, to obtain relaxation times from the ACFs at the

higher �q values, where �tmin ’ 500 ns is not much smaller than

�, it is important to know �ð �qÞ and fit only two parameters,

Bð �qÞ and �ð �qÞ. For this purpose we use a functional form based

on an approximate analysis of path length distributions,

given by

�ðqÞ ¼ �0

�Rþ pb

�Rþ pþ ðqd�=2�f Þ½ � bþ ðqd�=2�f Þ½ �

� �

; ð17Þ

where �0 is the contrast at q = 0 determined by the coherence

of the illumination and the resolution of the detector, fit as a
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Figure 8
Measured CCF g(2)C from the dynamic colloid sample using the 2 � (1/3)
fill pattern. (a) Not normalized; (b) normalized to gð2Þsrc.

Figure 7
Measured ACF g(2) from the dynamic colloid sample using the 2 � (1/3)
fill pattern. (a) Not normalized; (b) normalized to gð2Þsrc and g

ð2Þ
det.



single parameter for all �q, and most of the other values are

known: d = 2 mm is the sample thickness, b = 10 mm is the

beam-defining aperture size, R = 7.06 m is the sample-to-

detector distance, p = 55 mm is the pixel size, and � = 1.078 Å is

the X-ray wavelength. The parameter f = 1.7 is a factor that we

have determined to give the best description of the �ð �qÞ

obtained by fitting the CCF, as shown in Figs. S10 and S11 of

the supporting information. This functional form captures the

q dependence of � that arises from a relatively thick sample,

but neglects the effects of incoherent background on � and B

since the samples considered here scatter strongly. It also

neglects any difference in the effect of speckle size on the CCF

and ACF contrast.

We fit both the ACFs and CCFs of the sample using

equations (15)–(17), with fit parameters �ð �qÞ and Bð �qÞ for each

q region and an overall contrast at q = 0 of �0. Figs. 11 and 12

show the results for the data taken using the 2 � (1/3) and

(7/8) fill patterns, respectively. Values and uncertainties from

the fits are listed in Tables S1 and S2 in the supporting

information. In all cases, the single exponential function gives

a good fit, with �(q) values that agree reasonably well between

the ACF and CCF data. The �(q) values follow equation (16)

to a good approximation, corresponding to a simple diffusive

process. Panels (d) of the figures show the diffusivities calcu-

lated from each � point using equation (16), which allows the

relative uncertainties arising from the � values to be seen more

easily. The mean diffusivities obtained by fitting the �(q)

values are shown as horizontal lines with values given in

Table 1. Values of � are consistently slightly smaller for the

CCF data than the ACF data, resulting in slightly larger

extracted diffusivities.

Similar fits to ACF and CCF data for the colloid obtained

using the ESRF uniform fill give reasonably consistent results

(see Fig. S6). We also measured the colloid at 30�C using the

2 � (1/3) fill, and found smaller relaxation times as expected

(see Figs. S7–S9). The diffusivity values from these datasets

are also listed for comparison in Table 1.

The Stokes–Einstein relation gives the particle diffusivity in

terms of the liquid viscosity � as

D ¼
kT

6� �Rh

; ð18Þ

where Rh is the particle hydrodynamic radius. Using the

viscosities of pure water at 22 and 30�C, we can calculate Rh

from each of the diffusivities, giving the values shown in

Table 1. The values of Rh obtained for the two temperatures

are consistent, indicating that the difference in diffusivity

arises from the difference in viscosity.

The hydrodynamic radius Rh tends to give more weight to

the larger nanoparticles in the size distribution. For the Schulz

distribution (Aragón & Pecora, 1976) used in the fit to the

time-average scattering pattern, Fig. S1, one can obtain the

hydrodynamic radius as (Roosen-Runge et al., 2020) Rh =

hRi [1 + 5(�R /hRi)2] = 11.8 � 1.5 nm. Given the uncertainties

in the size distribution and the impurities and thus the visc-

osity of the liquid, this is satisfactory agreement with the

values in Table 1.

6. Conclusions

Now that event-driven pixel-array detectors such as TEMPUS

(Correa et al., 2024) can resolve the time structure of storage-

ring sources of synchrotron radiation, fill patterns can

contribute to the observed time correlation functions in XPCS.

Because the sample dynamics are uncorrelated with the source

dynamics, the observed g(2) is given by the product in equation

(4), and we can normalize out the time structure of the source.
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Figure 9
Measured ACF g(2) from the dynamic colloid sample using the (7/8) fill
pattern. (a) Not normalized; (b) normalized to gð2Þsrc and g

ð2Þ
det.

Figure 10
Measured CCF g(2)C from the dynamic colloid sample using the (7/8) fill
pattern. (a) Not normalized; (b) normalized to gð2Þsrc.



The contribution from the source, gð2Þsrc, can be quite strong for

non-uniform fill patterns, as shown in Figs. 4–6(a). However,

even the large amplitude structure produced by fill patterns

such as the 2 � (1/3) can be successfully removed to reveal the

sample dynamics, as shown in Figs. 7 and 8. This allows us to

observe sample dynamics at lag times as small as �tmin = 80 ns

with the TEMPUS, using the CCF. While a static sample can

be used to measure gð2Þsrc, it can also be obtained directly from
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Table 1
Diffusivities and hydrodynamic radii with statistical errors (1�) for the colloid sample obtained from fits to �(q) for the ACF and CCF.

Fill pattern T (�C) DACF (10� 7 cm2 s� 1) DCCF (10� 7 cm2 s� 1) �(T) (10� 2 poise) RACF
h (nm) RCCF

h (nm)

2 � (1/3) 22 1.47 � 0.03 1.58 � 0.03 0.954 15.4 � 0.3 14.3 � 0.3

(7/8) 22 1.49 � 0.02 1.58 � 0.03 0.954 15.2 � 0.2 14.4 � 0.2
Uniform 22 1.54 � 0.01 1.59 � 0.01 0.954 14.7 � 0.1 14.3 � 0.1
2 � (1/3) 30 1.88 � 0.04 1.96 � 0.04 0.797 14.8 � 0.3 14.2 � 0.3

Figure 12
Curves show fits of equation (15) to the normalized g(2) at each wave-
number for the colloid obtained using the (7/8) fill pattern, for (a) ACF
and (b) CCF data (symbols). (c) Symbols show relaxation times
as a function of q from the fits to ACF and CCF. Lines show best fits of
nanoparticle diffusivity. (d) Data from (c) replotted as D = (� q2)� 1

versus q.

Figure 11
Curves show fits of equation (15) to the normalized g(2) at each wave-
number for the colloid obtained using the 2 � (1/3) fill pattern, for
(a) ACF and (b) CCF data (symbols). (c) Symbols show relaxation
times as a function of q from the fits to ACF and CCF. Lines show best fits
of nanoparticle diffusivity. (d) Data from (c) replotted as D = (� q2)� 1

versus q.



the dataset of a dynamic sample, simply by first summing the

intensity at each time over a large number of pixels.

By removing the effect of the source from the data of a

static sample, Figs. 5(b)–6(b), we also observe a small effect in

the ACF that is not present in the CCF, which we attribute to a

detector artifact (Sune et al., 2024). Like the source effect, this

g
ð2Þ
det can be measured and normalized out of the ACF

according to equation (4).

We demonstrate the normalization method to remove the

source and detector dynamics using XPCS data from an

isotropic sample with simple diffusive dynamics in the small-

angle scattering geometry. However, the method does not

depend on the geometry or sample dynamics, and can also be

used for wide-angle XPCS, for anisotropic samples, and for

complex sample dynamics. Aspects of the analysis specific to

the geometry [choice of equivalent pixels on the detector for

averaging g(2) and calculation of the speckle contrast �(q)] or

sample dynamics [choice of an expression for �(q)] would

need to be modified as appropriate.

To extract relaxation times at the highest feasible q values,

where �tmin is not much smaller than �, it is important to know

the contrast � and how it varies with q, which may differ for

ACF and CCF if the speckle size varies with q. This could be

characterized using a (relatively) static sample having the

same thickness and under the same illumination as the

dynamic sample. Lacking such a characterization in the

present study, we have simply assumed that the speckle size is

independent of q and used the same functional form for �(q),

equation (17), for both the ACF and CCF. The small but

systematic difference in the relaxation times obtained from

the ACF and CCF, shown in Figs. 11 and 12, may result from

violation of this assumption. Since the parameter f in equation

(17) was determined from �(q) values for the CCF, it is

plausible that the � and D values from the CCF analysis are

more reliable than those from the ACF.

There is a correlation between the value of f used and the

values of �(q) obtained. For example, increasing the value of f

from 1.7 to 2.9 (giving an increased ratio of � at high q to low

q) typically gives�5% smaller � at high q and�1% larger � at

low q, resulting in a �2% larger D. If this larger value of f =

2.9 was more appropriate for the ACF data, keeping the same

value f = 1.7 for the CCF since it was obtained from the CCF

�(q), then it would partly explain the difference in the ACF

and CCF � and D.

While a uniform fill pattern is best suited for high-speed

XPCS, it is not always available. Our results show that non-

uniform fill patterns can be used with the correction methods

outlined in this work, thus greatly expanding the availability of

suitable beam time.

We have focused on corrections for non-uniform fill

patterns with periods on the microsecond scale because the

pulse spacing in the ESRF uniform fill mode (2.84 ns) is much

smaller than the detector time resolution. However, the pulse

spacing of 76.7 ns in the 48-bunch ‘timing’ mode at the

upgraded Advanced Photon Source (APS), which is provided

for about half of the beam time, can also be resolved by the

TEMPUS. Thus even the 48-bunch fill pattern at APS will

produce observable structure in XPCS time correlation func-

tions measured with such detectors, and this can be normal-

ized out by the methods presented here.
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