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MX340-HS detector with time resolution as short as 120 ps. A key feature of this
setup is a 0.51 mm-diameter partially transmissive beamstop that enables non-
invasive, image-by-image recording of direct beam position and intensity during
acquisition. This beamstop attenuates 12 keV undulator radiation by approxi-
mately eight orders of magnitude while suppressing off-axis second harmonic
radiation. Continuous monitoring of the direct beam position facilitates long-
term beam alignment and allows datasets acquired at different times to be
placed on a common absolute scale prior to differencing. The accuracy of the
difference scattering curves is ultimately limited by the performance of the large
area, fiber-taper X-ray detector used in this study. To address accuracy issues, we
present a detailed statistical characterization of the detector readout noise and
responsivity and introduce a variance-per-count statistic that enables identifi-
cation of zinger-free averages, generation of precise uniformity corrections, and
statistically weighted conversion of two-dimensional scattering images into near
shot-noise-limited one-dimensional scattering curves. The detector point-spread
function and its effects on resolution and scaling are examined using scattering
data from a fused silica plate and from apoferritin solution in a capillary. The
ability to acquire high accuracy, high precision scattering curves over a broad
range of ¢ and temperatures provides a robust foundation for time-resolved
studies of biomolecular structure and dynamics in solution.

uniformity correction.

1. Introduction

Synchrotron beamlines specializing in X-ray scattering studies
of biomolecules typically focus on the small-angle X-ray
scattering (SAXS) region where background scatter is low,
and often employ long flight paths through vacuum between
sample and detector (Koch, 2010; Jeffries et al., 2021).
While the SAXS region provides useful low resolution infor-
mation such as the size and shape of a scattering particle, the
wide-angle X-ray scattering (WAXS) region can provide
complimentary insights at higher resolution, such as the
secondary structure of biomolecules (Svergun & Koch, 2002;
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when pursuing time-resolved studies, triggering structural
changes via a variety of approaches including stop-flow mixing
or laser excitation (Cho et al., 2021; Kirby & Cowieson,
2014).

Here, we describe an X-ray scattering setup that spans q =
0.02 to over 5.2 A™'in reciprocal space, which corresponds to
real space limits of approximately 1.2 to 300 A. Given our aim
to ‘leave no peak behind’, the high-resolution limit was set to
be comparable with the shortest molecular bond lengths
exhibited in heavy atoms. In addition to broad g coverage,
many scattering studies critically depend on the ability to
place datasets acquired at different times on a common
absolute intensity scale, particularly when extracting small
difference signals. This setup features a small, partially
transmissive beamstop that enables precise, non-invasive
measurement of the incident X-ray beam position and inten-
sity for each image acquired. This information is used to not
only properly scale images but also to maintain long-term
beam alignment.

A central objective of this work is to enable accurate
absolute scaling of SAXS/WAXS datasets, particularly for
difference measurements between data acquired at different
times with varying incident X-ray intensity. The partially
transmissive beamstop provides the internal normalization
required to place such datasets on a common absolute scale;
however, achieving this level of scaling precision exposes
limitations in detector performance that must be quantita-
tively characterized and corrected.

As will be described, all images acquired by the large area
X-ray detector used in this setup suffer from zingers, where
pixels or clusters of pixels light up relative to their neighbors
due to cosmic rays or natural radioactive decay (see Section
2.4). Though statistically rare (~10~" s~! pixel '), they can
be intense and corrupt the image. When the detector statistics
are known, zingers contaminating a single image can be
flagged using objective statistical criteria and corrected. This
capability is particularly crucial in time-resolved studies where
images can differ significantly from one image to the next,
which can cause conventional zinger-suppression schemes that
compare back-to-back images to fail. To that end, we perform
a detailed statistical characterization of a large area X-ray
detector and introduce a variance per count statistic, VPC,
that facilitates the flagging of zingers in single images and
ensures proper weighting of individual pixels when
performing weighted averages.

When characterizing the detector point-spread-function,
PSF, we discovered a weak, broad pedestal that leads to
scaling errors near the boundaries between CCD modules
and, more importantly, near the edge of the beamstop. Here,
we describe methods developed to compensate for these
detector scaling errors and describe approaches to properly
subtract Compton scattering. For illustrative purposes, we
characterize scattering from a fused silica plate and from
apoferritin solution flowing in a capillary.

The ability to acquire high-precision scattering data over a
large range of g with short duration X-ray pulses and an open
sample environment enables acquisition of time-resolved,

high-resolution scattering data from a variety of samples over
a broad range of temperatures.

2. Experimental

The infrastructure needed to pursue temperature-dependent,
time-resolved X-ray scattering studies of biomolecules was
developed on the BioCARS 14IDB time-resolved beamline at
the Advanced Photon Source (APS) (Cho et al., 2010; Graber
et al., 2011; Henning et al., 2024; Cho et al., 2018). This
beamline employs a set of choppers and shutters capable of
isolating a single X-ray pulse or burst of X-ray pulses
produced by a pair of short period undulators (U23 and U27)
at a repetition rate up to 1 kHz. The undulator gaps were set
to produce 12 keV photons and the upstream white-beam slits
were narrowed to transmit a 3% (FWHM) slice of the ‘pink’
beam [see Fig. 1(c)]. Primary and secondary KB mirror pairs
control the X-ray spot size on the sample. When the APS is
operated in hybrid mode, the shutter system could isolate
either the super bunch, which consisted of eight septuplets
(56 pulses) spanning 500 ns (86 mA), or a single bunch of
approximately 120 ps duration (16 mA) (Graber ef al., 2011).
When operated in 24-bunch mode, the shutter system is
capable of isolating a single pulse (4.25 mA) from the pulse
train, or a train of N pulses separated by 153 ns. The hybrid
super bunch delivered about 125 uJ per burst (6.5 x 10"
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Figure 1

X-ray beam path. (a) Scaled drawings of components along the X-ray
beam path: pinhole array, collimator tip, sample-filled capillary, 12 pm
thick polyimide film with 500 pm pinhole, partially transmissive beamstop
bonded to a 100 pm thick polyimide film, and X-ray detector. The X-ray
beam passes through a 75 pm x 150 pm (V x H) pinhole cut in a 50 pm
thick tungsten wafer, through a brass collimator tip with a 150 pm
aperture, and then through the sample. The 2.5 mm gap between the
collimator tip and the sample is drawn to scale, but the 186 mm distance
between the sample and detector plane is not. A small portion of the
X-ray beam leaks through the 3.7 mm long, 0.51 mm OD partially
transmissive PT beamstop and impinges on the detector. The shadow cast
on the detector by the beamstop defines gyn, Which is just under 0.02 At
with 12 keV photons. (b) Scaled drawing of the Rayonix MX340-HS
detector with a helium-purged pyramid mounted in front. The ribbed
structure supporting the pyramid is designed to position the apex and
base polyimide films 2.5 mm and 90 mm downstream from the capillary,
respectively. The position of the beamstop relative to the detector is
controlled by manual X and Y micrometres attached to the ribbed
structure (not shown). (¢) The asymmetric pink-beam spectrum, recorded
with a Si 111 channel-cut monochromator, is peaked near 12 keV and has
a FWHM of approximately 3%.
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photons) to a 40 pm x 40 pm spot on the sample, while the
hybrid single bunch delivered approximately one-fifth the
energy. Note that the beam was focused rather loosely to limit
X-ray absorption-induced heating of the sample by the hybrid
superbunch. This high flux ‘pink’ beam enables fast time-
resolved scattering studies of samples via the pump-probe
method with time resolution down to 120 ps (Cho et al., 2010;
Cho et al., 2016). Since the X-ray beam is not monochromatic,
the scattering pattern recorded with this source will be
affected, but in a modest and predictable fashion.

The X-ray beam path beyond the focusing optics is illu-
strated in Fig. 1. The beam first passes through a 75 pm x
150 pm (V x H) elliptical pinhole (one of several pinhole
options in the pinhole array), travels ~180 mm along a
helium-purged path through the 150 pm exit aperture on the
brass collimator tip, passes through the sample, and proceeds
just under 90 mm to the 510 um diameter partially transmis-
sive beamstop. Photons scattered from the sample are imaged
with a Rayonix MX340-HS detector positioned 186 mm
downstream from the sample. With this geometry, the range of
q from beamstop edge to corner of the detector spans from
0.02 to over 52 A~". The sample can be either a fluid-filled,
thin-wall, fused silica capillary or a solid rectangular plate. The
sample is supported on a fast linear motor translation stage
capable of up to 5g acceleration along the long axis of the
sample (not shown). Forty X-ray shots were integrated on the
detector before readout with the sample translated 0.5 mm
between each shot, which minimized the risk of X-ray induced
changes to the scattering pattern.

2.1. X-ray pulse energy monitor

The pulse energy of the pink beam transmitted through the
BioCARS shutter system is non-invasively monitored by an
annular passivated implanted planar silicon (PIPS) detector
(Canberra ANFD300-20-300RM) positioned near the last
beryllium window along the vacuum beam path and just
upstream of the helium-purged, secondary KB focusing
mirrors enclosure (not shown in Fig. 1). Whereas the direct
beam passes through the central hole in the PIPS detector
unimpeded, X-ray photons diffracted by the beryllium window
impinge on the PIPS detector, which creates hole—electron
pairs whose integrated charge is recorded by a LeCroy digital
oscilloscope [see Fig. 2(a)]. The PIPS signal is capacitively
coupled to the oscilloscope through a biased ‘T” (9 V) and
50 2 terminated. The resulting bipolar signal is integrated up
to the zero crossing and converted to nanocoulombs. A single
APS hybrid mode superbunch, which accounts for 86 mA
of the 102 mA operating current, generates approximately
2.6 nC charge on the PIPS detector. Assuming 3.62 eV per
hole—electron pair, the number of 12 keV photons absorbed
by the PIPS detector per superbunch is estimated to be
about 4.9 x 10°.

The average energy of the X-ray pulse or pulse train
delivered to the sample is determined using a laser joule meter
with the hybrid superbunch delivering approximately 125 pJ
to the sample. This energy corresponds to approximately
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Figure 2

PIPS detector. (a) Trace of PIPS detector signal generated from the
hybrid superbunch, which consists of eight septuplets and spans 500 ns.
The time resolution of the PIPS detector is insufficient to resolve the
septuplets, which are spaced by 2.84 ns. The integral of this pulse train
corresponds to approximately 2.6 nC charge, which in turn corresponds
to 6.5 x 10" 12keV photons. (b) Integrated charge recorded for 512
consecutive images with each representing the integral of 160 superb-
unches. The intensity decays at a characteristic rate with periodic top-up
boosting the integrated bunch charge.

6.5 x 10" 12 keV photons and provides the calibration factor
needed to convert nC to X-ray photons, i.e. 2.5 x 10'° 12 keV
photons incident on the sample per nC charge recorded by the
PIPS detector. The integrated PIPS signal for 512 consecutive
images, shown in Fig. 2(b), with each value representing the
sum of 160 shots and tracks time-dependent changes in the
incident X-ray flux due to the gradual loss of bunch charge and
top-up replacement of the lost charge. Note that top-up of
either single bunch or super bunch momentarily disrupts the
electron bunch position in the synchrotron ring and can
transiently reduce X-ray transmission through the slits and
pinholes along the beam path from source to collimator tip
[see three negative-going excursions in Fig. 2(b)].

2.2. Helium-purged pyramid

It is common practice to position the beamstop on or near
the X-ray detector. However, when the flight path from
sample to detector is helium purged, not vacuum, the beam-
stop should be located as far as possible from the detector to
shorten the helium scattering path. The beamstop should be as
small as possible to retain access to small-angle scattering but
must be large enough compared with the X-ray beam size to
prevent spillage of the direct beam. A good compromise
places the beamstop near the midpoint between the sample
and the X-ray detector, as shown in Fig. 1. Given the 340 mm
square dimension of the detector and the relative position and
dimension of the beamstop, the range of g accessible with this
layout spans from 0.02 to over 5 AL

The helium-purged enclosure is a 45° angle pyramid
assembled from four identical panels of polycarbonate and
glued to an aluminium support structure. The base of the
pyramid is sealed with a 100 pum thick polyimide film and the
partially transmissive beamstop is bonded to the film with
epoxy. The aluminium support structure is screwed to the
front face of the X-ray detector with micrometre adjustments
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to precisely center the beamstop on the X-ray beam. When the
apex of the pyramid was sealed with a 500 nm thin silicon
nitride membrane (Norcada), ongoing X-ray exposure
contributed to increasing SAXS scattering from the
membrane, presumably due to oxidation of the surface layer
by X-ray generated ozone. To avoid this problem, the silicon
nitride membrane was replaced with a 0.3 mm thin square
steel frame on which a 12 pm thin film of polyimide with a
central 0.5 mm pinhole was bonded. Since the direct beam
does not pass through the film, it does not contribute any
additional scattering, and a modest helium purging rate is
sufficient to prevent air from entering the enclosure through
the pinhole.

2.3. Partially transmissive beamstop

Semi-transparent/active beamstops incorporating photo-
diodes have been used for simultaneous measurement of the
transmitted beam intensity in SAXS/USAXS instruments
(Krosigk et al., 2001). Our implementation differs in that the
attenuated direct beam is recorded on the same large area
detector as the scattering signal, enabling per image intensity
normalization as well as beam position tracking. Moreover,
the beamstop is designed to address the problem of harmonic
contamination and tolerate exposure to high flux, short-
duration X-ray pulses without melting or ablating.

Whereas most of the pink beam flux generated from a short-
period undulator arises from the on-axis fundamental, the
beam is contaminated by far weaker off-axis second harmonic
radiation. Hence, design considerations for the partially
transmissive beamstop include the following: (1) the partially
transmissive beamstop must provide approximately eight
orders of magnitude attenuation and tolerate intense bursts of
X-rays without melting or ablating; (2) its diameter must be
small enough to access SAXS scattering down to g = 0.02 Al
at a sample-to-detector distance sufficiently close to access
WAXS scattering beyond 5 A7 (3) it must not only attenuate
the on-axis 12 keV fundamental but also suppress the weak,
off-axis second harmonic that contaminates the undulator
radiation. To achieve these objectives, we fabricated a partially
transmissive beamstop using three different materials. See
Table 1 for their properties and Fig. 3 for their energy-
dependent attenuation length. A 0.51 mm outer-diameter
(OD), 021 mm inner-diameter (ID) tantalum tube was
acquired from Goodfellow Corp., bored to 0.34 mm, and cut to
a length of 3.7 mm. A high purity (99.999%) 5 mm diameter
aluminium rod was acquired from Goodfellow Corp. and
turned on a lathe to produce a long 0.32 mm OD whisker. The
aluminium whisker was inserted into the tantalum sleeve with
its flat end positioned 0.5 mm from its end and the remaining
volume was packed with selenium powder. The sleeve was
heated above the melting point of selenium, which flowed to
occupy the empty space and upon cooling bonded the
aluminium whisker to the tantalum sleeve. The excess alumi-
nium was cut off and the sleeve polished flat on both ends. The
predicted transmittance of 12 keV photons through 3.2 mm of
aluminium (4 x 107°) and 0.5 mm selenium (2 x 107°) is

Table 1

Properties of materials used in the partially transmissive beamstop.

The attenuation length corresponds to its 1/e transmission. Ablation occurs
when heating the surface exposed material to its boiling point.

Property

Aluminium Selenium Tantalum

Boiling point (°C)

Melting point (°C)

Heat capacity (J g' K1)
Density (g cm ™)+

Heat capacity (J cm > K™')

12 keV attenuation length (um)¥
24 keV attenuation length (um)
Path length (um)

2470
660.3
0.90
2.70
2.43
257
1988
3200

684.8
217
0.321
4.5
1.44
81.0
75.1
500

5457

3017

0.14

16.65

2.33

2.66

16.0

85 (wall thickness)

T https://henke.lbl.gov/optical_constants/atten2.html.

nearly 107®. For 24 keV photons, the transmittance is esti-
mated to be 2.5 x 10™*, which is sufficiently low to suppress
the weak second harmonic contamination. Note that this
degree of second harmonic suppression requires the poly-
chromatic X-ray spectrum be confined below the threshold
where the attenuation length in selenium suddenly drops, i.e.
below 12.658 keV. Thanks to the very short X-ray attenuation
length in the tantalum sleeve, scattering from X-rays passing
through the aluminium cannot escape the sleeve. Given a flat
aluminium-selenium interface, the transmittance through the
beamstop is position independent within a central 100 pm
radius circle.

Note that tantalum, a refractory metal, can tolerate a
temperature jump 7.5 times larger before melting and 2.4
times larger before ablating compared with aluminium.
However, since the heat capacity of aluminium is 1.04 times
greater than tantalum (per unit volume) and its 12 keV
attenuation length is 97 times longer, aluminium can tolerate
13.3 times greater X-ray flux than tantalum before melting
and 42 times greater flux before ablating. For example, when
6.5 x 10'° 12 keV photons (125 pJ) in a 40 pm x 40 pm spot
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Figure 3

X-ray energy-dependent attenuation lengths for materials used in the
partially transmissive beamstop.
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penetrate the partially transmissive beamstop, about 15% of
the X-ray energy is absorbed in the first 40 pm, which would
be expected to elevate the temperature in this (40 pm)’
volume of aluminium approximately 130°C. The 12 keV flux
required to exceed the threshold for aluminium ablation
would be approximately 1 x 102 photons in a 40 pm x 40 um
spot, a flux that can be achieved at X-ray free-electron laser
beamlines but not synchrotron beamlines.

Use of partially transmissive beamstops in SAXS studies
has been reported elsewhere. For example, Lyngsg &
Pederson (2021) reported a zinc-based partially transmissive
beamstop that was developed for SAXS studies on a home
source; however, they acknowledged that the precision of the
direct-beam intensity measurement is compromised by strong
SAXS scattering due to detector ‘bleeding’. More recently,
Wu & Li (2024) reported a dual-thickness semi-transparent
aluminium beamstop in which they position the step edge
(transition from 1 to 1.6 mm thickness) on the beam center.
Detailed analysis of the transmitted 2D intensity profile on
either side of the step, combined with prior knowledge of the
relative intensities of the harmonics represented in the direct
beam, is required to extract the contribution of the funda-
mental to the direct beam intensity, which represents the
contribution needed to properly scale images acquired at
different times. In contrast, harmonic contribution to the
direct-beam intensity recorded with our aluminium/selenium
partially transmissive beamstop is negligible, so determination
of the integrated X-ray exposure is accurate and far more
straightforward. Moreover, its small size makes it possible to
acquire both SAXS and WAXS scattering images on a single
detector, whose non-invasive determination of the integrated
X-ray intensity ensures accurate scaling of images.

2.4. Rayonix MX340-HS detector

The large area (340 mm x 340 mm) Rayonix MX340-HS
detector employs a thin phosphor film that converts X-rays to
visible photons and a 4 x 4 tiled array of 2.92:1 glass fiber
tapers that deliver those photons to 16 CCD modules that are
cooled to —80°C, each with 16 ADC channels that are read
with 16-bit resolution and a DQE of 0.8 counts per 12 keV
photon. The raw pixel data are converted to a 3840 x 3840
gap-free virtual image with an effective pixel size of 89 pum at a
frame rate up to 10 Hz using a proprietary algorithm that
corrects for spatial distortion and detector nonuniformity. The
unprecedented specifications achieved by this detector when
introduced was made possible thanks in part to its tiled fiber
taper array. However, the fiber tapers introduce a few liabil-
ities that need to be managed to gain the full benefits of this
detector (Alkire et al., 2016; Holton et al., 2012; Uesugi et al.,
2011). For example, virtual images are created by mapping
linear combinations of a variable number of raw pixels to
virtual pixels, which affects their statistics. Radioactive decay
from trace elements in the fiber tapers as well as cosmic rays
interacting with the fiber taper generate so-called zingers,
which cause clusters of neighboring pixels to return count
values outside the norm and need to be flagged as outliers

according to statistical criteria (Barna et al., 1999). The point-
spread-function PSF for this detector is specified to be
100 pm; however, we found the PSF includes a weak but broad
pedestal that leads to edge effects that need to be managed
(Holton et al., 2012; Alkire et al., 2016).

2.5. Image correction factors

We ultimately wish to convert 2D scattering images to 1(q),
one-dimensional scattering curves that characterize the
sample scattering power as a function of ¢ in units of photons
per solid angle. This conversion requires numerous image
corrections (Pauw, 2014; Skinner et al., 2012) including the
standard polarization POL and geometry GEO (Bosecke &
Diat, 1997) corrections. The X-ray path between sample and
detector phosphor includes absorbing materials whose angle-
dependent losses are accounted for by a filter FLT correction.
The responsivity of the phosphor used by the Rayonix
detector to convert X-rays to visible light is incident angle
dependent and therefore requires a phosphor responsivity PR
correction. X-ray absorbance by the sample is angle-depen-
dent and requires a sample absorbance SAC correction.
Finally, the Rayonix detector uniformity suffers from scaling
errors and requires a uniformity correction UC. We denote the
composite correction factor CORR = POL-GEO-FLT-PR--
SAC-UC. Note that we use boldface for quantities that map to
virtual pixels on the detector. All corrections depend on ¢, the
scattering angle relative to the X-ray path. Corrections that
depend on v, the scattering azimuthal angle, include POL, UC
and SAC if the shape of the sample is not a plate. For example,
if the sample flows through a capillary, the absorbance
correction for its cylindrical shape is a function of both ¢
and .

2.5.1. POL: polarization correction

The X-ray scattering intensity distribution from a point
source with horizontally polarized X-rays is described by

1 4 cos?(¢) — cos(2yr) sin(¢p)
5 ,

POL(¢, ¥) = 1)
where ¢ is the scattering angle and 1 is the azimuthal angle.
Normalizing (dividing) a scattering image by POL corrects for
this effect and puts virtual pixels at the same g on the same
scale.

2.5.2. GEO: geometry correction

The X-ray detector reports intensities in terms of counts per
pixel. However, what we ultimately desire is the scattering
intensity in units of counts per solid angle. Since the X-ray
detector is planar, not hemispherical, pixels at high g are
positioned farther from the source and capture a smaller cross
section from the scattered intensity distribution. The intensity
in counts per pixel can be readily converted to counts per solid
angle by normalizing the image with the geometry correction,
which depends only on ¢ according to

GEO(¢) = cos’(¢). @
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2.5.3. FLT: filter absorbance correction

Scattered X-rays are attenuated as they pass through
various materials en route to the detector according to their
respective attenuation lengths, u; For example, in the
experimental layout described in Fig. 1, scattered X-rays pass
through 12 pm polyimide (x« = 4.075 mm) at the apex of the
helium-purged pyramid and 100 pm polyimide at the base of
the pyramid, 96 mm ambient air (£ 2~ 2750 mm) between the
base of the pyramid and the detector, and 200 pm beryllium
(u = 14.49 mm) before encountering the phosphor, which
converts X-rays to visible photons. Since p for 1 atm helium is
over 300 m, its contribution can be neglected. The overall
transmittance decreases with increasing ¢ according to

X
— 3)
i COS(¢)}
where x corresponds to the filter thickness. As shown in
Fig. 4(a), absorbance by ambient air makes the largest
contribution to the combined FLT transmittance.

FLT(x, i, ¢) = l_[ exp |:—

2.5.4. PR: phosphor responsivity correction

X-rays impinge on a 40 pm thick polymer sheet (paryl-
ene_N) in which particles of Gadox phosphor are embedded
(Gruner et al, 1993). The pathlength through the sheet
increases with increasing ¢, which leads to an increased
probability of X-ray absorbance and higher phosphor
responsivity. The attenuation length for Gadox is rather short,
G = 837 um, but it is present as fine particles embedded in
a polymer with a volume fraction VFE. Hence, the phosphor
responsivity PR might be expected to increase with increasing
¢ according to

PR(t, 1 VF, ¢) = 4
{1 — exp[—tVF/uG cos(d))]}/[l - exp(—tVF/uG)],

where T, = exp(—tVF/uug) corresponds to the on-axis phos-
phor transmittance, which depends on the phosphor sheet
thickness ¢ and phosphor VE. Neither the shape of the phos-
phor particles nor their VF in the polymer film is specified by
Rayonix. If the phosphor particles are approximately sphe-
rical, random close packing places an upper bound on VF of
0.64. To illustrate the VF dependence of PR, the chart in
Fig. 4(b) includes curves with VF differing by a factor of two:
0.32 and 0.64. The correction at high g varies nonlinearly from
nearly 14% to 3% over this range. As we will show elsewhere,
our best experimental estimate for VF was found to be 0.33.

2.5.5. PT: absorbance correction for a plate scatterer

In this paper, we present scattering data from fused silica
and glassy carbon plates for which the sample absorbance
correction SAC is defined by plate transmittance, PT. X-rays
passing through a plate at normal incidence suffer absorbance
losses according to the material’s attenuation length n. The
absorbance losses experienced by scattered photons depends
on the thickness of the plate, the scattering angle, and where
in the plate the scattering originated. The angle-dependent
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Filter transmittance FLT and phosphor responsivity PR. (a) Transmit-
tance through materials along the path between capillary and detector as
a function of g with the combined FLT corresponding to the product of
the transmittances. (b) Phosphor responsivity for two assumed phosphor
particle volume fractions.

transmittance for a plate with thickness ¢ and attenuation

length w is given by

exp(—1/p) — exp [ — 1/ cos()]
(t/{[1/ cos(e)] — 1}

Normalizing the scattering image from a plate by PT corrects
for absorbance losses in the plate.

PT(u, 1, ¢) = ®)

2.5.6. UC: uniformity correction

As we will show, Rayonix detector images are recorded with
excellent repeatability but suffer from scaling errors that need
to be corrected by a uniformity correction UC derived from
experimental data. Due to the detector point-spread function,
generating a uniformity correction that is both precise and
accurate over the entire image entails both experimental and
theoretical considerations.

2.6. Data acquisition protocol

We take advantage of the integrating capability of the
Rayonix MX340-HS detector and expose it to numerous
X-ray shots before triggering image readout. Each read
operation generates heat and elevates the operating
temperature of the CCD modules to an extent that depends on
the frame rate, which can affect the ADC gain. To maximize
detector repeatability, the detector is externally triggered by
an FPGA-based timing system at a constant frame rate but
only the images wanted are permanently saved to disk. For
every image acquired, we process the PIPS signal recorded for
all corresponding X-ray pulses and determine their integrated
charge, nC, which is proportional to X-ray flux incident on the
sample.

Time-resolved SAXS/WAXS studies typically expose the
detector to periodic bursts of 40 X-ray shots in pulse trains
arriving at nominally 20.6, 41.1 or 246.8 Hz, before readout.
For the datasets analyzed in this study, four separate bursts of
40 X-ray shots, each arriving at 246.8 Hz, were integrated on
the Rayonix detector before being read at a frame rate of just
under 1 Hz with complete datasets consisting of 512 conse-
cutive images (14 GB per dataset). Hence, each image
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represents the integral of 160 shots for which the incident
X-ray flux is approximately 10" photons. This mode of data
acquisition was selected to improve the statistics for char-
acterizing the detector performance and to reduce the time
required to generate each dataset.

Dark datasets were acquired with three different integra-
tion times (D1, D2, D4) with the X-rays blocked. X-ray
scattering datasets were acquired from a fused silica plate with
two different integration times (FS1, FS2), from a glassy
carbon plate (GC), and with no sample in the beam, which
characterizes helium scattering from collimator tip to beam-
stop (H).

3. Results and discussion

All X-ray scattering images acquired with the Rayonix
detector have a background offset, are contaminated with
zingers, include a contribution from helium scattering along
the path between collimator tip and beamstop, and include
Compton (inelastic) scattering. The scattering intensity
distribution recorded on the detector is influenced by X-ray
polarization POL, sample absorption SAC, absorbance by
materials along the path between the sample and the detector
FLT, as well as the scattering-angle-dependent responsivity of
the detector phosphor PR. Moreover, the incident X-ray flux
changes over time, which influences the magnitude of the
scattering signal. Here, we describe a framework developed
to convert background-corrected, zinger-free, uniformity
corrected, 2D scattering images to one-dimensional,
Compton-corrected I(g) scattering curves in units of photons
per solid angle. We begin by characterizing MO, which is
proportional to the integrated X-ray intensity transmitted
through the partially transmissive beamstop, and compare this
quantity with nC, which is proportional to the X-ray intensity
incident on the sample. We introduce the concept of MO
scaling that facilitates isolation of scattering from the sample.
Next, we perform a detailed statistical analysis of dark data-

sets to characterize zingers, assess the detector readout
variance, and identify pixels suffering from leakage current.
Based on a statistical characterization of images acquired with
the detector illuminated with X-rays scattered from a fused
silica plate, we introduce a variance per count VPC statistic
that facilitates flagging of zingers. When characterizing the
detector point spread function, PSF, we discovered a broad
pedestal that contributes to scaling errors near boundaries
between CCD modules and the edge of the partially trans-
missive beamstop. Scattering images from fused silica and
glassy carbon are used to generate a uniformity correction that
corrects for pixel-to-pixel scaling errors. Finally, we discuss
how PSF variation across the fiber taper leads to correctable
scaling errors when this detector is used to acquire crystal
diffraction images.

3.1. MO: X-ray transmission through partially transmissive
beamstop

A 2D moments analysis of the direct beam transmitted
through the partially transmissive beamstop generates MO,
M1X and M1Y, where MO corresponds to the zeroth moment
and quantifies the integrated intensity, and MI1X, M1Y
correspond to the first moments and quantify offsets from the
beam center. The beamline is aligned to ensure that the
transmitted X-ray beam is well centered on a single pixel,
whose coordinates are denoted (X0, Y0). The beam position,
which is determined to a precision of a few micrometres,
is monitored and the X-ray beam alignment periodically
tweaked as needed to maintain the beam position over time.
The PIPS detector signal from the same X-ray pulses that
contribute to MO is recorded and converted to nano-
coulombs, nC.

Fig. 5(a) charts MO for three different datasets: H, CH and
FSH. H was acquired with the sample retracted and quantifies
scattering from helium along the X-ray path between the
collimator tip and beamstop. CH was acquired with a 320 pm
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Figure 5

image number

image number

Scale factors for 512 images acquired with the sample retracted (H: blue), with an empty capillary inserted into the beam (CH: green), and with a 100 pm
thick fused silica plate inserted into the beam (FSH: red). (¢) Normalized MO corresponds to integrated intensity of direct beam transmitted through the
beamstop. (b) nC corresponds to integrated charge extracted from the upstream PIPS detector. (¢) MO/nC is normalized relative to H and corresponds to
transmittance, which for these three curves are 1.00, 0.895 and 0.775. The integrated number of photons incident on the sample was ~ 10" photons per
image. The integrated number of Rayonix detector counts per image for the H, CH and FSH datasets are approximately 6.7 x 10%, 6.3 x 10° and

1.3 x 10", respectively.
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OD fused silica capillary inserted into the beam and includes
scattering from both capillary C and helium H. The interior of
the capillary was HF etched to thin its walls and reduce its
X-ray scattering. FSH was acquired with a 100 um thick fused
silica plate and includes scattering from both fused silica FS
and helium H. The magnitude of MO depends on the incident
X-ray intensity, which is proportional to nC, and the X-ray
absorbance of the materials through which the beam passes.
The MO/nC ratio corrects for time-dependent changes in the
X-ray flux and can be used to put images on the same absolute
scale with high precision. For example, the standard deviation
of the blue curve charted in Fig. 5(c) is 0.0025, which is very
close to the 0.0021 shot-noise limit expected assuming an MO
average of 218684 photons per image. The corresponding
image-to-image statistical fluctuations for nC is approximately
five times smaller, which therefore affords high precision
normalization.

From the FSH data in Fig. 5(¢), the averaged X-ray trans-
mittance 7T through the 100 pm thick fused silica plate was
found to be 0.775. Given T = exp(—t/u), where ¢ is the
thickness and p is the attenuation length of fused silica, we can
experimentally determine the plate thickness. Assuming a
density of 2.2 for fused silica, its attenuation length at
11.648 keV (center of mass of the ‘pink’ beam spectrum) is
predicted to be 396 um, from which we can estimate the plate
thickness: t = —In(0.775) x 396 = 101 pum, which is very close to
its specified thickness. Similarly, given the transmittance
through the HF-etched capillary of 0.895, we can estimate its
combined wall thickness (entrance and exit walls) to be 44 pm.
Given its OD and combined wall thickness, the capillary 1D
was experimentally found to be 276 pm.

The ability to record MO with high precision, as demon-
strated here, is not only used to accurately determine the
absorbance of samples inserted into the X-ray beam path but
is also used to put different datasets on the same absolute
scale. Though the precision of the MO determination is
significantly poorer than that for nC due to shot noise, the
average MO for a dataset containing many images has suffi-

(a) (b)

(Cmax, Cmin - Cmean)/sqrt(Cvar)

106

10°

104

103

102

10t

100

107!
=20

Figure 6

log(Cmax-Cmean)
_sigma > 10

ciently high precision to put datasets acquired at different
times on the same absolute scale.

3.2. Zingers

Zingers strong enough to saturate the detector are rare and
easily detected. Weak zingers, on the other hand, are far more
abundant and require accurate statistical criteria to detect and
reject them. Since the ability to detect weak zingers is limited
by readout noise plus shot noise, zingers are best characterized
by analyzing a dark dataset. As we will show, the probability of
a zinger affecting a pixel after one second integration is
~10". Hence, one might conclude the probability that a
single virtual pixel can be affected by zingers in more than one
image in a dataset would be negligibly small. However,
radioactive decay of trace elements in the fiber taper can
generate unstable daughter isotopes that decay further,
causing lightning to strike more than once. Analysis of dark
datasets found numerous instances where zingers affected the
same virtual pixel in two different images of a dataset, but not
three. Based on this result, we developed a very simple
strategy for determining, from a set of N consecutive images,
their zinger-free mean and variance: (1) compute a running
sum S and sum of squares SS of counts while retaining the two
largest and two smallest count values found in the series;
(2) subtract the contribution from the two smallest and two
largest values from S and SS; (3) compute a zinger-free mean,
Cmean = S/(N — 4), and variance Cvar = SS/(N — 4) —
Cmean”. Note that omitting the two smallest values as well as
the two largest values ensures Cmean is not skewed by this
procedure.

Knowing the variance for each pixel is crucial to employ
statistical criteria to flag and exclude zingers. For example, in
Fig. 6(a), the histogram of the minimum (Cmin) and maximum
(Cmax) count values recorded for every virtual pixel in a
Dark dataset of 512 images is charted in terms of sigma =
(Cmax, Cmin — Cmean)/sqrt(Cvar). The distribution corre-
sponding to Cmin (negative values) extends to just under 10-

(C) log(Cmax-Cmean)
OVERLOAD

2050 2100

Zingers found in a dark dataset comprising 512 images. (a) The sigma histogram exhibits Cmax, Cmin asymmetry due to zingers; the red dot indicates the
number of virtual pixels for which sigma > 100. (b) Log of (Cmax — Cmean) with white dots flagging virtual pixels with sigma > 10. (¢) Zoomed in image
of a region that includes a zinger in which four neighboring pixels overloaded the ADC (flagged by white dots).
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sigma, which is nearly twice as broad as would be expected if
the statistics were normally distributed. If there were no
zingers, one would expect the sigma distribution corre-
sponding to Cmax (positive values) to be a mirror image of
that for Cmin. Indeed, the main distribution for Cmax appears
to be a mirror image, but it includes many virtual pixels that
extend well beyond 10-sigma. Using a 10-sigma threshold as a
criterion for flagging zingers [Figs. 6(B)], 21805 zinger pixels
were found in 512 images acquired with a total integration
time of 572's, which corresponds to 38.1 zinger pixels per
second of detector integration. Thus, the probability of a
zinger affecting a single virtual pixel in an image is extremely
low: 38.1/3840* ~ 10" per second of integration time. A total
of 64 virtual pixels found in 13 different zinger clusters over-
loaded the ADCs, one of which is shown in Fig. 6(¢) alongside
weaker zingers nearby. As the amplitude of zingers spans a
wide dynamic range, it is crucial to know the variance of each
virtual pixel to assign a statistically based threshold capable of
flagging weak zingers.

3.3. Detector offset, leakage current and readout variance

Dark datasets consisting of 512 consecutive images each
with X-rays blocked were acquired with three different inte-
gration times (D1, D2 and D4) and analyzed to assess the

detector background offset, leakage current and readout
noise. The zinger-free means for all three datasets were fitted
as a function of integration time with a straight line, whose
intercept Dint corresponds to the background offset [Fig. 7(a)]
and whose slope Dslope arises from leakage -current
[Fig. 7(b)]. With the background properly subtracted, the dark
image variance DV was determined [Fig. 7(c)], which corre-
sponds to the readout noise of the detector after scaling by the
effective gain of each virtual pixel.

When initialized, the Rayonix detector measures the
background and, when triggered, saves background-
subtracted images in an unsigned 16-bit format with a 10-count
offset. The zinger-free Dark background offset computed
from all three Dark datasets, Dint, has a mean of 9.79 counts
and a sigma of 0.54 counts but includes about two dozen
statistical outliers. Two of those outlier pixels have zero counts
and zero variance, which suggests their background determi-
nation during the Rayonix initialization step was more than
10 counts below their true mean and were clipped when
converting to an unsigned 16-bit integer. Since the background
offset generated from the Dark datasets is statistically more
precise than that generated during Rayonix initialization, this
background offset, not the specified 10 counts, is subtracted
from all images acquired in subsequent datasets. This back-
ground offset remains valid as long as the Rayonix detector is
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Dark image analysis. Panels (a), (b) and (c¢) show histograms of Dint, Dslope and DV, respectively, where the x-axis corresponds to the indicated quantity.
(d) Dark variance DV image. White dots flag high variance pixels (DV > 10). (¢) The zoomed image corresponds to the CCD module under which the

beamstop is placed.
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not reinitialized, after which a new Dark dataset would need
to be acquired to minimize error in the background offset.

Pixels with leakage current exhibit a linear increase in
background counts with integration time and are identified by
a positive slope in the Dslope histogram charted in Fig. 7(b).
A small number of the nearly 15 million pixels suffer from
leakage current with the worst pixel exhibiting leakage of
about 18 counts per second. For precise work, the background
subtracted from the scattering image should account for the
detector frame rate according to

BKG = Dint + Dslope / frame rate. 6)

The zinger-free Dark variance DV, charted in Fig. 7(d), varies
systematically across the virtual image. Note that one of the
ADC channels is ill-behaved and was excluded from the
virtual pixel data in the histograms. The proprietary algorithm
developed by Rayonix to correct for spatial distortion and
response nonuniformity generates a gap-free virtual image by
weighted mapping of raw pixels to each virtual pixel. By
feeding synthetic raw images into this algorithm, we identified
which virtual pixels include contributions from which ADC
channel and determined how many neighboring raw pixels are
mapped onto each virtual pixel. For the Rayonix detector
installed on the BioCARS beamline at the APS, that number
varies from zero (15356 pixels) to nine (1 pixel), with four
being the most common (86%). The virtual pixels for which
there is no mapping are all found along the perimeter of the
full image and need to be masked. Due to averaging effects,
the measured DV is expected to scale as the inverse number of
raw pixels that contribute to the virtual pixel, and accounts for
most of the systematic variation exhibited across the images
in Fig. 7. Note that the 0.75 count peak in the DV histogram
shown in Fig. 7(c) is similar to the detector DQE, which is
specified to be 0.8 for 12 keV photons. Since most virtual
pixels represent a weighted average of four real pixels, one
would expect the variance of a virtual pixel that maps to a
single real pixel to be approximately four times greater, or
about 3 counts. However, as shown in Fig. 7(c), DV extends
well beyond that limit. How might we account for these high
variance pixels? Since variance scales as the square of the gain,
regions of the detector with poorer photon coupling between
the fiber taper and the CCD require higher gain and will
exhibit higher variance. For example, fibers along the edges of
the fiber tapers are damaged when ground to a square profile
for tiling, which reduces the photon coupling efficiency along
the perimeter of the fiber tapers and requires higher gain
factors to achieve uniform responsivity across the full virtual
image. Indeed, as revealed in Figs. 7(d) and 7(e), most but not
all high variance pixels are found along boundaries between
CCD modules.

3.4. PSF: point spread function

The 40 pm-thick Gadox phosphor film in front of the tiled
glass fiber tapers absorbs X-rays and generates visible
photons, a small fraction of which are coupled into the cores of
nearby fibers (Gruner et al., 1993). Photons entering a fiber

core at an angle within its numerical aperture can propagate
virtually lossless over long distances via total internal reflec-
tion. However, since the fiber taper has a 2.92 times smaller
core at its exit than its entrance, the numerical aperture at the
exit is approximately 2.92 times smaller. Hence, only about
1in 8.5 (= 2.92%) photons remain confined in on-axis fibers, i.e.
fibers near the center of the fiber taper, with the rest escaping
the core and scattering diffusively in the cladding (Coleman,
1985). The losses are even greater near the corners of the fiber
taper: when pulling a fiber bundle to generate a tapered
bundle, the pathlength through fibers near the center of the
bundle is shortest but increases with distance from center due
to the serpentine path taken. Due to conservation of volume, a
longer serpentine path implies a smaller diameter core, which
exacerbates the losses. Though the cladding is doped with an
absorber to minimize transmission of photons that escape the
core, a small fraction of the escaped photons are detected,
whose spatial profile reflects the diffusive nature of scattering
in the cladding. Log charts of a highly attenuated direct beam
are shown in Fig. 8, which is well described by a sum of four
Gaussians with FWHM of [1.94, 4.80, 10.0, 18.8] pixels and
relative number of integrated counts [0.585, 0.143, 0.174,
0.098]. The narrowest Gaussian corresponds to a FWHM of
173 pm, which is somewhat larger than the Rayonix specifi-
cation of 100 um and accounts for 58.5% of the integrated
intensity. This ‘spot’-to-pedestal ratio depends on the photon
trajectory through the fiber taper and is least favorable in the
corners of the CCD modules due to the highly curved
serpentine photon path through the fiber taper. Note that for
this measurement, the direct beam entered the fiber taper at
the beamstop location, which is located approximately 7 mm
from a corner and 53 mm (593 pixels) from its center.

The broad pedestal leads to scaling errors near the
boundaries of CCD modules and, of greater consequence, in
the SAXS region. As we will show, these scaling errors can be
quantified and largely corrected.
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Figure 8

Point spread function PSF at the beam center in pixel units. (a) Log of
highly attenuated direct beam on the Rayonix detector. The intensity
distribution is well described by a sum of four Gaussians with the narrow
feature (1.94 pixels FWHM) accounting for 58.5% of the photons in
the image. The integrated number of counts in this image is approxi-
mately 250000. (b) Horizontal and vertical slices through the PSF. Note
the background offset of 10 counts, which translates to 1 on a log; scale.
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3.5. VPC: variance-per-count statistic

According to photon counting statistics, the variance for N
photons is equal to N. Hence, dividing the variance by the
mean produces a variance per count VPC statistic that is
detector specific and can be used to not only estimate the
DQE for the detector but also estimate the variance for each
virtual pixel in a single image, which is needed to properly
flag zingers.

The VPC statistic was experimentally determined from a set
of 512 consecutive fused silica scattering images (Fig. 9). The
algorithm used to generate the zinger-free mean and variance
accounted for image-to-image differences in X-ray intensity,
which arise due to top-up of the synchrotron fill pattern and
would otherwise inflate the measured variance. Briefly, each
image in the series is divided by the integral of its background-
subtracted counts, IC, before accumulating a running sum and
sum of squares. The mean and variance computed from the
running sum and sum of squares (after omitting the two largest
and smallest values found in the series) are then converted
back to counts by multiplying by the mean IC and mean IC
squared, respectively.

The experimentally determined variance has contributions
from both shot noise and readout noise. We isolate the shot
noise contribution and calculate VPC according to

VPC = (Cvar — DV) / (Cmean — BKG), (7)

where DV is the experimentally determined dark readout
variance and BKG is the background offset. Hence, VPC in
combination with DV can be used to estimate the statistical
uncertainty of every pixel in an image and provides a reliable,
statistically based threshold for flagging zingers.

The VPC statistic is charted in Fig. 9 and exhibits systematic
variations across the CCD modules that are similar to that
observed in DV and correlate with the number of raw pixels
that map onto the virtual pixels.

A striking qualitative difference between VPC and DV is a
systematic drop in VPC that correlates with distance from the
center of each of 16 fiber tapers. How might we explain this
behavior?

VPC (fused silica)

0 1000
Figure 9
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According to photon counting statistics, VPC for virtual
pixels mapped 1:1 from raw pixels should be equal to the
square of the pixel DQE, which corresponds to the photon
conversion gain in counts per photon. A chart of VPC for 1:1
mapped virtual pixels is shown in Fig. 10, which has a mean of
0.50 (DQE = 0.71) in the central region of the fiber tapers, i.e.
within about 350 pixels from the fiber taper center, and drops
to approximately 0.32 at a pixel distance that corresponds to
the beamstop location, which is 593 pixels from center. The
DQE estimated from this measurement is slightly smaller than
the specified DQE of 0.8 for 12 keV photons. Color-coding
VPC according to counts (which span from approximately 200
near the beam center to 5000 near the peak of the fused silica
scattering ring) shows VPC is independent of counts, as
expected. The systematic drop in VPC with increasing
distance from the fiber taper center arises from an increasing
probability of photon escape from the fiber core and into the
cladding, which increases the pedestal contribution to the
reported counts for each virtual pixel. Because the pedestal
contribution represents an average over many neighboring
pixels, it contributes negligibly to the measured variance.
Hence, the systematic decrease in the variance with increasing
distance from the fiber taper center is expected to correlate
with the spot-to-pedestal ratio. Indeed, given this curve, we
estimate the integrated intensity of the pedestal in the central
region of the fiber taper to be approximately 10% of the total,
which is down significantly from the 42% found experimen-
tally near the beamstop. In retrospect, it would have been
better to position the X-ray detector further off center so
(X0, Y0) was positioned near the center of a fiber taper.

3.6. Detector linearity

The Rayonix response linearity was assessed using fused
silica scattering datasets containing 512 images that were
acquired at frame rates differing by a factor of two. Back-
ground-subtracted, zinger-free mean images were extracted
from these datasets and denoted FS1 and FS2, where FS2 was
acquired at twice the fame rate and has half the intensity. The
standard deviation of the mean for FS1, which we denote
sigma, is readily computed according to
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Variance per count VPC. (a) Full image of VPC. The lower aberrant ADC channel shows up more dramatically in the VPC statistic while the upper one
shows up more dramatically in the DV statistic of Fig. 7(d). (b) Zoomed-in image of the CCD module above which the beamstop is located (near upper
left corner). (c) Histogram of VPC with pixels from two ill-behaved ADC channels excluded.
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VPC for 22028 virtual pixels with 1:1 mapping to raw pixels. The color
code corresponds to counts, which span from approximately 200 (blue) to
5000 (dark red).

sigma = sqrt[(DV + FS1-VPC)/N], 8)

where DV corresponds to the detector readout variance, VPC
corresponds to variance per count, and N is the number of
images in the dataset.

To validate our estimate for sigma, the odd and even images
from the FS1 dataset were processed separately (256 images
each) and their difference charted in Fig. 11(a) as a histogram
in sigma units. As expected, the differences are normally
distributed without outliers. With 14.6 million pixels repre-
sented in the histogram, the statistical probability distribution
should be confined within £5.27-sigma, as is the case.

Fig. 11(b) charts the sigma-normalized scaled difference
(FS1 — 2-FS2)/sigma. This distribution is similar to that in
Fig. 11(a), which means most pixels scale linearly with X-ray
exposure, but 845 pixels were found to differ by more than
6-sigma. The scaled ratio 2-FS2/FS1 charted in Fig. 11(c)

quantifies the relative magnitude of the error. Most of these
outlier pixels are found in clusters, one of which is charted
in Fig. 11(d) where the color code spans 1% with the
white dots identifying pixels that deviate from unity by more
than 6-sigma.

The pixels flagged as outliers suffer gain error that is
dependent on the detector frame rate. Since the count values
reported by these outlier pixels are repeatable, a uniformity
correction generated from experimental data at a standar-
dized frame rate can correct for their gain error.

3.7. UCgs: uniformity correction from fused silica plate
scattering

MO-scaling was used to isolate scattering from a 100 pm
thick fused silica plate, from which a uniformity correction,
UCkys, was generated. First, a dataset consisting of 512 scat-
tering images recorded with the sample extracted from the
X-ray beam was acquired and denoted H. Next, a dataset
consisting of 512 scattering images with the fused silica plate
inserted into the beam at normal incidence was acquired and
denoted FSH, as it includes scattering contributions from both
FS and H. Both datasets were acquired with a frame rate
corresponding to 1.118 s per image. Note that the helium
contribution to FSH is reduced relative to H due to the fused
silica absorbance.

Using MO scaling to isolate fused silica scattering FS from
the FSH dataset is relatively straightforward,

FS = [FSH — (MOpg;;/MOy,)-HJ, ©)

where MO corresponds to the mean MO for the dataset indi-
cated by its subscript. Since scattering from a plate at normal
incidence is circularly symmetric after polarization correction,
we can use FS/POL to assess the detector response uniformity.

First, the pixels in FS/POL were binned into g-bins spaced
by 0.0025 A~ A linear least-squares fit of pixels in each bin,
after rejection of So statistical outliers, defines its g-dependent
intensity, with UCgg defined as FS/POL divided by the linear
least-squares fit for each bin. UCFg is charted as a color-coded
image in Fig. 12(a) and is reasonably flat with minor scaling

(@ (Fs1 odd - FS1_even)/sigma b)  (Fs1-2:FS2)/sigma (c) 2-FS2/FS1 () 2-FS2/FS1
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Figure 11

Rayonix detector statistics. (a) Histogram of relative error in sigma units when differencing zinger-free means computed from odd versus even frames in
FS1. (b) Histogram of relative error in sigma units for the scaled difference FS1 — 2-FS2. (c) Scatter chart of 2-FS2/FS1 as a function of ¢ identifies
numerous outlier pixels. (d) Zoomed image of 2-FS2/FS1 showing a cluster of outlier pixels found in the upper left corner of the detector. The image

color code spans 1% (dark red to dark blue).
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Figure 12

FS/POL scattering statistics. (a) Color-coded chart of UCgg uniformity
correction with color scale spanning 0.96 (dark blue) to 1.04 (dark red).
(b) Best-fit FS/POL scattering intensity is charted as a function of q.
(c) Scatter chart of UCys as a function of g. Perimeter pixels and pixels in
defective regions of the detector were excluded.

errors between most CCD modules except for one, which
exhibits about 3.3% excess intensity. Pixels near the corners of
the CCD modules tend to exhibit excess intensity due to
scaling errors that presumably arise from the broad pedestal in
the PSF. Hence, the ‘well behaved’ pixels used in the linear
least-squares fits excluded pixels near the corners of modules,
pixels along the perimeter of the detector, those affected by
two ill-behaved ADCs, and those shadowed by the beamstop.
Fig. 12(b) charts the best fit estimate of FS/POL for each g-
bin. Note that the statistical precision of UCpg is limited by
photon counting statistics and is poorest in the SAXS region
where scattering from fused silica is weakest. The scatter chart
of UCFs as a function of g, shown in Fig. 12(c), quantifies the
magnitude of the scaling errors. Normalizing detector images
acquired at the same frame rate by UCgg should correct these
errors and put all pixels in the same g-bin on the same scale.

Due to spurious scattering near the beamstop, UCgg for
pixels with ¢ < 0.075 A~ were set to unity, which reverts this
region to factory-calibrated scaling parameters. The spurious
scattering likely arises from X-rays that scatter from edges on
the upstream pinhole and reflect off inner surfaces of the brass
collimator tip.

3.8. UCq: uniformity correction from glassy carbon
scattering

We acquired a GC dataset consisting of 512 scattering
images from a 1 mm thick plate of glassy carbon. The

attenuation length of glassy carbon at 12 keV, assuming a
density of 1.5 ¢g cm™ , 18 5.2 mm. Hence, its estimated trans-
mittance is 83%, which is comparable with a water-filled
capillary. SAXS scattering from glassy carbon is very strong
and required significant attenuation of the incident X-ray
intensity to avoid saturating the detector. Indeed, its MO
barely registers above the background. Hence, the GC scat-
tering images are free from both spurious and helium scat-
tering. Thanks to its scattering strength and uniformity, glassy
carbon has often been used as a standard reference material to
characterize detector uniformity in SAXS setups (Allen et al.,
2017). Because its scattering intensity decreases rapidly with
increasing ¢, dropping by an order of magnitude near 0.3 AT,
it is useful only in the low g region. Nevertheless, a uniformity
correction generated from glassy carbon can provide a high-
precision substitute for UCyg in the SAXS region.

To generate a uniformity correction from the GC dataset,
we compute a background-subtracted, zinger-free average
image, bin the data in that image, and then fit data in each bin
using linear least squares. UCgc, which corresponds to the
binned intensities divided by their fits in each bin, is shown in
Fig. 13 alongside UCyg for g < 0.6 A~! The two uniformity
corrections are similar, except for near the boundaries
between CCD modules and near the beamstop. The relative
scale of the four intersecting CCD modules appears to be
slightly more consistent in UCgg than UCg¢, but the differ-
ences are quite minor and can be ignored. The scattering
intensity for fused silica over the charted range is weak and
quite flat, but for glassy carbon is strong and rapidly
decreasing, dropping below the scattering intensity of fused
silica near ¢ = 0.3 A~'. Hence, the statistical precision for
UCys is better for g > 0.3 Afl, whereas that for UCg is better
for g < 0.3 A~'. As mentioned, spurious scattering contam-
inates the FS dataset, which leads to systematic scaling errors
in UCgg near the beamstop. In contrast, UCgc is far more
uniform near the beamstop and can be used as a substitute for
that region in UCps. As discussed, the broad pedestal contri-
bution to the PSF leads to scaling errors near the boundaries
between CCD modules. Those errors are far worse in UCgc
than in UCps. Indeed, the scaling errors are exacerbated by
the strong gradient in scattering intensities across those
boundaries.

(A) UC for fused silica (B) UC for glassy carbon 1.04

1800 2 < 1.03
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Figure 13

Uniformity correction for g < 0.6 A~%. (a) Fused silica. (b) Glassy carbon.
The white rings correspond to g = 0.3 A™!, where the fused silica and
glassy carbon scattering intensities are comparable.
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3.9. Generating one-dimensional I(g) and sigl(q) from
single images

Each recorded image, I, has a background offset, is
contaminated with helium scattering and inelastic Compton
scattering, suffers from scaling errors, and requires numerous
corrections to convert I to ICC, a corrected image that has
units of photons per solid angle and includes both Coherent
(elastic) and Compton (inelastic) scattering. First, we use MO
scaling to remove the helium contribution to the background-
subtracted scattering and then apply all relevant scaling
corrections according to

CORR = (POL-UC)-SAC-(GEO-PR-FLT),  (10)

ICC = [(I — BKG) — (M0,/M0,,)-(H — BKG)]/CORR,
(11

ICCV = [DV + (I — BKG)-VPC]/CORR?, (12)

where CORR is a composite correction factor whose first two
terms in parentheses depend on both ¢ and . SAC corre-
sponds to the sample absorbance correction, which for a plate
scatterer is characterized by PT and depends on only v, but for
a capillary (to be discussed elsewhere), depends on both ¢ and
. The last three terms in parentheses depend on ¢ only. ICCV
is the variance of ICC as predicted by I, BKG, DV, VPC and
CORR. Next, we bin ICC according to g, which spans from
0.02 to over 5.2 A™!in steps of 0.0025, and find the median
value in each bin, ICCM. We flag zingers according to

Zinger = (ICC — ICCM)/sqrt(ICCV) > Zstat, (13)

where Zstat corresponds to the Z statistic for which normally
distributed data would generate one false positive per image.
For 14.6 million pixels, Zstat = 5.27. For computational
convenience, pixels flagged as zingers are replaced with their
corresponding ICCM and a sigma-weighted linear least
squares fit is performed on the 1, contents in each g bin. The
least-squares fit evaluated at g is denoted /(g) and the fit
residual standard deviation of the mean is denoted sigl(q)
according to

N,

q

L2\ 1/2
sigl(q) = (LIW_ﬁ "”')> , (149

where N, is the number of pixels i assigned to bin g.

I(q) and sigl(q) are charted for single images of fused silica
and glassy carbon scattering in Fig. 14. The UC used for the
fused silica dataset was generated from that dataset, i.e. UCgs,
which puts all pixels at the same g on the same scale. The UC
used for the glassy carbon dataset up to 0.6 A~" was derived
from that dataset, i.e. UCgc, but beyond that threshold, where
the glassy carbon scattering intensity becomes very weak,
UCks was used (see Fig. 13 for comparison of UCgs and UCg¢
below 0.6 Aq). This hybrid approach ensured accurate
scaling over the full range of g. Each scattering curve repre-
sents the average of 160 X-ray shots, each consisting of a
500 ns duration pulse train, and was acquired in just over 1 s.
The log-log charts emphasize the SAXS region and demon-

104(él) FS (single image) (b) GC (single image)
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Figure 14
Log-log charts of I(g) and sigl(q) for single images acquired in just over
1s. (a) Fused silica. (b) Glassy carbon.

strate the high signal-to-noise (S/N) achievable with a pulsed
X-ray source. Thanks to the large number of pixels in the
WAXS region, the maximum S/N achieved in the fused silica
scattering curve approaches 10000:1, which is crucial to reli-
ably extract WAXS scattering signatures from biomolecules
whose highest concentration is typically less than 20 mg ml™",
or approximately 1.4% by volume. Note that the S/N rapidly
degrades at high g due to the decreasing number of pixels
available in those bins. The time resolution in this mode of
operation is limited by the duration of the superbunch to
500 ns. When operating in single bunch mode, the time reso-
lution can be improved to 120 ps, but with 5.4 times fewer
X-ray photons per shot the S/N would be reduced by a factor
of 23. When sources of systematic error are properly
managed, signal averaging of multiple images can be used to
further improve the S/N according to the square root of the
number of images averaged.

3.10. PSF-induced scaling error near beamstop

The glassy carbon scattering in Fig. 14(b) exhibits a
decrease in scattering intensity near the beamstop, which is
due to scaling errors arising from the broad pedestal contri-
bution to the PSF. Theoretically, scattering images recorded
by the Rayonix detector correspond to the convolution of its
PSF with the true scattering intensity distribution. For
example, if we assume the scattering intensity is constant at
low g but blocked by the beamstop, the expected intensity
distribution can be simulated with a 2D mask that is set to zero
inside the hard edge of the beamstop, which for this setup
corresponds to six pixels from center. Note that this mask
differs from the beamstop mask, which is nominally seven
pixels from center and includes partially shadowed pixels. The
convolution of PSF with mask, i.e. PSF*mask, is shown in
Fig. 15(a). It is because of the broad pedestal in the PSF that
the scattering intensity does not go to zero under the beam-
stop. The scattering offsets under the beamstop and the slopes
of the scattering intensity near the beamstop edges are very
similar for the convolution and the experimental glassy carbon
data shown in Fig. 15(b), which validates our measurement of
the PSF. The red dots in Fig. 15 corresponds to pixels that are
not shadowed and can be used to characterize SAXS scat-
tering. Their observed intensity in Fig. 15(a) begins to diverge
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Figure 15

Scattering near the beamstop. (a) Theoretical scattering intensity distri-
bution, as determined by convolution of PSF with a mask that simulates
the hard edge of the beamstop. (b) Normalized glassy carbon scattering
near the beamstop. The red dots in (a) and (b) correspond to pixels
outside the beamstop shadow.

from the ‘true’ intensity around g = 0.04 A~" and deviates by
up to 20% at the beamstop edge. This factor agrees with the
observation that slightly more than 40% of the PSF integrated
intensity is found in the broad pedestal, and, for pixels next to
the beamstop shadow, nearly half of that pedestal is shadowed
by the beamstop, thereby reducing the number of photons
detected by approximately half of 40%, or 20%. This result
helps to explain why the glassy carbon scattering intensity in
Fig. 15(b) decreases as it approaches the beamstop edge. Since
scattering data acquired near the beamstop edge is system-
atically suppressed in a predictable way, it can be rescaled to
recover its true intensity distribution. With this correction,
reliable scattering amplitudes can be acquired down to g =
0.02 A~'. When not properly corrected, this distortion can
depress the experimental determination of both 10 (the
forward scattering intensity at ¢ = 0) and Rg (the radius of
gyration). Since the magnitude of this correction depends on
the intensity gradient near the beamstop, an iterative proce-
dure is needed to properly correct for this scaling error, as will
be discussed elsewhere.

3.11. Putting I(qg) on an absolute, atomic scale

In the absence of molecular structure, the expected scat-
tering intensity /(¢q) for a molecule is proportional to (F?(q)) +
(Ci(q)), where F?(q) represents the square of the atomic form
factor, Ci(q) corresponds to incoherent Compton scattering,
and the brackets indicate the stoichiometrically weighted
average over i elements with the sum of the weights normal-
ized to unity. Here, we generate F;(g) and C(g) by cubic spline
interpolation between tabulated values reported by Hubbell
et al. (1975). Note that F;(g) at ¢ = 0 is equal to the atomic
number of element i (Z;) and decays to zero at high ¢. In
contrast, C,(q) is zero at g = 0 but increases to Z; at high g,
surpassing (F?(q)) near 9.27 A~' in fused silica, 5.47 A~ in
water, and 479 A" in glassy carbon. Hence, one would expect
Compton scattering for biomolecules, which consist primarily
of C, N and O, to be comparable in amplitude to coherent
scattering near 5 A~ Studies that focus on the SAXS region
can ignore Compton scattering, but it cannot be ignored here.

Note that the incoherent scattering function in Hubbell et al. is
denoted S, but here we denote it C for Compton scattering, as
S is reserved for the structure factor, which is discussed below.

The theoretical elastic (F(g)?) and inelastic (Ci(q)) atomic
scattering curves for fused silica are shown in Fig. 16 along
with their sum and I(g) times a scale factor, s, that puts the
experimentally determined scattering curve on the same scale.
How can we reliably determine s?

Fused silica is a glass comprising SiO, and lacks long range
order; however, it has local structure that arises from chemical
bonding between neighboring silicon and oxygen atoms.
Scattering from neighboring atoms can interfere both
constructively and destructively, which leads to modulation in
I(q). These interference effects are described by its structure
factor, S(g), according to

_s1(g) = (Cl9) — (F(q))
(F(q)) ’

where s is the scale factor that puts /(g) on the same scale as
(Ci(q)), after which Compton scattering can be properly
subtracted. In this equation, (F(q)) represents the expected
elastic scattering curve in the absence of local structure, which
is subtracted from the scaled, Compton-corrected scattering
curve and the resulting difference is normalized by (Fi(¢)%),
the square of the mean form factor. Given S(g), the molecular
pair distribution function p(r) can be determined.

Since local molecular structure causes the measured scat-
tering intensity to porpoize about (F?(q)) + (C;) in the WAXS
region, the ratio of integrated theoretical and experimental
scattering curves over a judiciously selected range of g should
provide a reasonably accurate estimate for s,

S q[(F (@) + (Ca))] dg
S =
Jmq1(q)dg
where the scattering amplitudes are weighted by ¢ in recog-

nition of the fact that the theoretical and experimental scat-
tering curves are one-dimensional representations of two-

S(q) -1

(15)
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Figure 16
Fused silica scattering. (a) Log-log chart of theoretical (atomic) and
measured scattering for fused silica. The quantities in brackets represent
stoichiometrically weighted means. The magenta curve, s/, has been
scaled (see text) to put I(g) on the same absolute scale as the cyan curve,
(F;-F;) + (C;). The blue curve corresponds to I. (= sI — (C;)), the
Compton-corrected coherent scattering. (b) I. overlaid with data
extracted from Fig. 1 of Skinner et al. (2012).
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dimensional scattering images, with the number of pixels used
to quantify I(q) being proportional to g. What is meant by
‘udiciously selected range of ¢’? The average of sinusoidal
modulation from its midpoint over a full period is zero. Hence,
if we assign gmi, and ¢max to the midpoints of the rising edges
for the first and last well resolved peaks in I(g), the integral
over that range of g will be minimally biased by its modula-
tion. For fused silica, the integral was computed from 1.25 to
4 A™', as shown in Fig. 16(a). In Fig. 16(b), our Compton-
corrected scattering curve I.(q) = sI(q) — (C{(q)) is overlaid
with fused silica scattering data extracted from Fig. 1 of
Skinner et al. (2012), which was acquired with 100 keV X-rays
and a 1 mm thick fused silica plate. The quantitative agree-
ment beyond 2 A~! validates not only the approach used to
scale our fused silica scattering data but also the accuracy of
the Rayonix uniformity correction used when processing these
data. The differences observed at lower ¢ are real and likely
arise from samples with different thermal history, which can
affect the sample density as well as the density fluctuations
frozen into the sample when cooled below its glass transition
temperature.

3.12. Real space resolution

The high-resolution hard limit for our scattering data is
approximately 27/5.2 A" =12 A, which is modestly greater
than the shortest bond distance known for heavy atoms, i.e.
1.098 A for the dinitrogen triple bond, N=N. X-ray scattering
studies of fused silica at much higher spatial resolution
demonstrated that the high ¢ scattering pattern can be
quantitatively reproduced with three interatomic distances:
Si—O (1.616 A), O—0O (2.637 A) and Si—Si (3.099 A)
(Narten, 1972). Our 1.2 A resolution limit is insufficient to
resolve O—O and Si—Si peaks in the pair distribution func-
tion p(r) generated from our data due to their close proximity.
Nevertheless, since these distances are known, their contri-
bution to the WAXS scattering at high g is predictable.
Indeed, when studying biomolecules such as proteins, RNAs
and DNAs, the primary structure is known and scattering
beyond our hard limit can be predicted with relatively good
accuracy. Scattering recorded within our high-resolution limit,
if acquired with sufficiently high S/N, should provide a
‘fingerprint’ that is sensitive to secondary, tertiary and
quaternary structure, which from a biophysical point of view is
much more interesting. For example, Kofinger & Hummer
(2013) calculated p(r) directly from biomolecule molecular
dynamic simulations and compared it with p(r) calculated
indirectly via Fourier transformation of I(q) generated from
the same simulations but after truncation at ¢n.x. They
concluded that most of the features in p(r) are well repro-
duced with . = 3 A_l, which is well within our experi-
mental limit of 5.2 A~

3.13. SAXS resolution

The X-ray energy, detector size, sample-to-detector
distance, beamstop size and beamstop location define the
range of g that can be accessed with a single X-ray detector,

and its pixel size limits its achievable SAXS resolution. With
our geometry, the range of ¢ is 0.02 to 5.2 A7', and the
diagonal of the 89 um square Rayonix pixels translates to
a worst case on-axis resolution limit of 0.004 A~'. When
converting zinger-free, normalized 2D scattering images to
one-dimensional Ic(g) scattering curves, we sort the scattering
amplitudes according to g;, bin them in 0.0025 A" wide q-
bins, perform a weighted linear least-squares fit of the data in
each g-bin, and solve for the best-fit amplitude at the corre-
sponding value of g. Hence, the SAXS resolution for Ic(q) is
fundamentally limited not by bin size but by pixel size. Worse,
the resolution actually achieved is defined by a convolution of
the pixel-limited resolution with the detector PSF. For large
biomolecules such as apoferritin, our limited pixel resolution
in the SAXS region and the detector PSF reduces the
modulation amplitude of features relative to those observed in
more traditional SAXS setups, where the sample-to-detector
distance is much larger and the detector PSF is typically
confined to one pixel. Nevertheless, since we know our
detector PSF, we can account for its effect on the scattering
pattern. For example, we overlay in Fig. 17 X-ray scattering of
apoferritin (Sigma, A3660) recorded with our setup (details
to be published elsewhere) and a scattering curve (SASBDB
code: SASDQZS) recorded by X-ray free-electron laser
(XFEL) (Blanchet et al., 2023), whose low g cutoff is 0.02 A",
the same as our setup. Also included in this chart is a
convolution of the XFEL curve with our PSF, which repro-
duces our Rayonix data from 0.02 to approximately 0.2 A!
with high fidelity. Hence, it should prove possible to decon-
volve our high S/N SAXS data, subject to appropriate
constraints, to recover accurate, corrected SAXS curves. Note
that the S/N of the XFEL data become poor near 0.2 A
whereas our scattering data unveil modulation of the scat-
tering intensity with high S/N out to at least 4 A~ Since the
PSF-induced smearing of the SAXS scattering curve at low g
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Figure 17
Apoferritin scattering. SAXS scattering (SASBDB code: SASDQZS)
recorded by XFEL (blue) (Blanchet er al., 2023), SAXS/WAXS scattering
recorded with the Rayonix detector on the BioCARS time-resolved
beamline (red), and convolution of our point-spread function with the
XFEL scattering curve (red dashed line).
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is largely confined to g < 0.04, for biomolecules that are small
compared with apoferritin, this region can be masked without
compromising Guinier analysis of the scattering curve.

3.14. PSF implications for crystallography studies

It is worth noting that the Rayonix-generated uniformity
correction is derived from flood-field illumination at a
distance, which means uniformity is achieved independent of
the PSF spot-to-pedestal ratio. In crystallography, integrated
spot intensities are determined after background subtraction.
Since the spot-to-pedestal integrated intensity ratio differs
according to distance from the fiber taper center, one would
expect the measured spot intensities to systematically
decrease relative to their true value with increasing distance
from the fiber taper center. In principle, a scale factor para-
meterized in terms of this distance could be applied to crys-
tallography data, which should improve the precision of
integrated spot intensities and lower their R-factor.

4. Summary

We described an X-ray scattering setup capable of acquiring
high S/N scattering images with short duration X-ray pulses
over a broad range of g spanning 0.02 to over 5.2 A~ with a
single X-ray detector. X-ray leakage through small diameter,
multi-composition, partially transmissive beamstop is used to
not only maintain precise beam alignment over time but also
to provide an internal standard for quantifying X-ray dosage
for each image, which is useful to properly scale images prior
to differencing. A detailed statistical analysis of dark images
and fused silica scattering images led us to introduce a VPC
statistic, which facilitates flagging of zingers and generation of
statistically weighted averages when converting 2D images to
one-dimensional scattering curves. The X-ray detector PSF
has a weak, broad pedestal that leads to significant scaling
errors near boundaries between CCD modules and near the
edge of the beamstop; however, these scaling errors can be
largely corrected by an experimentally determined uniformity
correction according to methods described herein. Finally, we
report X-ray scattering data from a solution of apoferritin and
show how the PSF affects the SAXS resolution in a predict-
able fashion. Though evident in apoferritin scattering, the
effect is minimal with moderately sized biomolecules. Finally,
the open sample environment in this setup enables acquisition
of scattering data from samples perturbed by a variety of
methods including laser-based pump-probe or stopped flow
mixing and should prove very useful in studies that aim to
probe biomolecule structure and dynamics on fast time scales.
Indeed, our ability to track oscillations in the X-ray scattering
curve over a very wide dynamic range of g with high S/N
should lead to far deeper structural insights than can be
gleaned from SAXS data alone. However, the analysis
required to gain these insights is beyond the scope of this
manuscript and will be discussed elsewhere.

Note that fiber-taper-coupled detectors share many of the
limitations addressed here, including susceptibility to zingers,

position-dependent point-spread functions, and scaling errors
arising from phosphor illumination through a fiber taper.
Accordingly, the approaches developed in this work to
improve the accuracy of the Rayonix detector should be
broadly applicable to other fiber-taper-coupled detectors.
X-ray detectors based on mosaics of direct-detection sensors
are far less vulnerable to zingers, and their point-spread
functions do not exhibit a broad pedestal. However, such
detectors are typically smaller, requiring shorter sample-to-
detector distances to achieve comparable angular coverage,
and do not generate gap-free images. Nevertheless, for high-
precision scattering measurements, direct detectors can
benefit from experimentally derived uniformity corrections
obtained at the appropriate sample-to-detector distance,
following the general approaches described here.
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