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The existence of noise and column-wise artifacts in the CSPAD-140K detector

Edited by M. Yabashi, RIKEN SPring-8 Center, and in a module of the CSPAD-2.3M large camera, respectively, is reported for
Japan the L730 and L867 experiments performed at the CXI Instrument at the Linac

Coherent Light Source (LCLS), in low-flux and low signal-to-noise ratio regime.
Keywords: CSPAD; detector artifact; LCLS; CXI. Possible remedies are discussed and an additional step in the preprocessing of

data is introduced, which consists of performing a median subtraction along the
columns of the detector modules. Thus, we reduce the overall variation in the
photon count distribution, lowering the mean false-positive photon detection
rate by about 4% (from 5.57 x 107> to 5.32 x 10~ photon counts pixel '
frame ™" in L867, cxi86715) and 7% (from 1.70 x 107 to 1.58 x 10> photon
counts pixel ! frame " in L730, cxi73013), and the standard deviation in false-
positive photon count per shot by 15% and 35%, while not making our average
photon detection threshold more stringent. Such improvements in detector
noise reduction and artifact removal constitute a step forward in the
development of flash X-ray imaging techniques for high-resolution, low-signal
and in serial nano-crystallography experiments at X-ray free-electron laser
facilities.

1. Introduction

Flash X-ray imaging is a novel imaging technique which, when
fully developed, will allow diffraction-based imaging experi-
ments on single molecules/particles at X-ray free-electron
lasers (XFELs) (Neutze et al., 2000). These light sources have
the unique characteristics to support it: highly brilliant (10’
times greater than any synchrotron) and flat, coherent wave-
front pulses (Emma et al., 2010; Jamison, 2010). Proof-of-
concept experiments have been conducted at the FLASH
facility at DESY (Chapman et al., 2006, 2009; Barlag et al.,
2016), at the Linac Coherent Light Source (LCLS) at the
SLAC National Accelerator Laboratory (Seibert et al., 2011;
Hantke et al, 2014; van der Schot et al, 2015) and at the
SACLA facility at SPring-8 (Kimura et al., 2014; Gallagher-
Jones & Songa, 2014; Robinson et al., 2015).

In these experiments, biological particles (e.g. viruses,
bacteria, organelles and cells) suspended in aerosol droplets
are injected into a vacuum chamber. The droplets evaporate
completely before they reach the interaction point, where they
may be hit by a beam pulse, thus causing photon diffraction of
an isolated sample in vacuum on a two-dimensional pixelated
detector. Signals from individual frames registered by the
detector are processed to obtain diffraction patterns, which
can then be analyzed to recover the three-dimensional elec-
tron density of the particle under study.

The present work reports the presence of a spatially non-
© 2017 International Union of Crystallography uniform artifact in the CSPAD (Cornell-SLAC hybrid Pixel
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Array Detector) at the CXI (Coherent
X-ray Imaging) beamline at the LCLS.
A systematic shift in detector readout
along a fixed direction is found and

/

corrected for, resulting in improved pirection

LCLS peam

photon detection statistics.

1.1. The CXI end-station and the
CSPAD and CSPAD 2 x 2 detectors

A sketch of the CXI end-station is
reported in Fig. 1. The experiment
chamber used in the data considered
in this communication was the 0.1 pm

chamber, allowing the study of samples
in an interaction region with a nominal
0.1 pm FWHM focal spot (Liang et al.,
2015). Inside this chamber there are
usually two distinct CSPAD configura-
tions. Each detector is composed of multiple units of the same
fundamental component: a CSPAD 2 x 1 module (388 x 185
pixels), in which each pixel (size 110 um x 110 pum) reads out a
voltage that is proportional to the number of photons scat-
tered on the pixel. The so-called large camera, which consists
of 64 ASICs (an ASIC being half of a CSPAD 2 x 1 module), is
closest to the interaction point (Fig. 2). This detector provides
high-resolution (wide-angle scattering) information. The
second detector is located further downstream, typically of the
order of 2 m from the interaction point, and is called the back
detector. It is a CSPAD 2 x 2 (also called CSPAD-140K) and
consists of just four ASICs. It provides low-resolution (small-
angle scattering) features.

Figure 1

[Courtesy of SLAC.]

1.2. Data

The back detector (the cxi73015 experiment, or L730 for
short) and a central CSPAD 2 x 1 module in the large camera
[the cxi86715 experiment, or L867 for short, as described by
Munke et al. (2016)] are the objects of our study. We investi-
gated their performance by analyzing dark and sample runs
from these two experiments to detect artifacts. Moreover, we
believe our analysis has a general validity for all CSPAD
detectors, as they share the same fundamental unit. Even
though the two experiments considered were performed two
years apart, both used the same CSPAD ASIC revision, 1.6
(Herrmann et al., 2014).

1.3. Identifying per-pixel gain and pedestal values

For low-flux experiments, it is crucial to estimate the exact
number of photons hitting each pixel, in order to obtain a
reasonable signal-to-noise ratio for further analysis.

Each pixel in a CSPAD detector contains an analog memory
cell, a counting register and a comparator. The readout is
based on the number of counted ticks before a distributed
reference voltage matches the level within the cell (Herrmann
et al., 2012). The raw readout of the number of ticks is in
arbitrary digital units (ADUs). Depending on the exact elec-
trical properties of each pixel, the uncorrected raw signal will

An insight on the beamline setup at CXI. Our experiments took place in the 0.1 pm KB chamber.

have both a constant offset (the zero value, or pedestal) and a
scaling factor (gain) that needs to be calibrated.

In a run with rare or no photon events, the histogram of all
the values collected over many events in a single pixel will be
centered around an ADU value which represents the zero-
photon value. Similarly, when the run contains several photon
events, the peak we see after the zero peak is centered on the
one-photon value (the gain for that photon energy, see Fig. 3.
In a multi-photon regime, additional peaks appear. These are
usually roughly proportional to the gain (respectively by a
factor of two and three). However, an artifact has previously
been described where the discharge of pixels perturbs the
reference voltage slightly (Blaj et al., 2015; Herrmann et al.,
2013; van Driel et al., 2015). This artifact changes dynamically
when photon fluxes change significantly, but can be considered
static, included in the gain factor, in the low-flux single particle
imaging regime.

Figure 2

The CSPAD-2.3M consists of 32 2 x 1 CSPAD modules, each one further
constituted by two ASICS, an ASIC being 185 x 194 pixels (each of
~110 pm x 110 pm). [Courtesy of SLAC/LCLS Detector Group.]
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Figure 3

ADU histogram for a single pixel of the back detector in L730 beam time
data (run 399), recorded with ongoing injection of sample. The zero
photon peak is clearly dominating.

Determining the gain and pedestal correctly is thus crucial
to have a reliable photon-counted diffraction pattern.

2. Data processing and analysis

The raw data signals are stored in the proprietary XTC file
format, which can be read and manipulated using PSANA, a
specific environment developed at the LCLS to handle data
analysis and extraction. PSANA offers a number of calibration
and correction steps of direct relevance to photon-counting:

(i) pedestals;

(i) common mode correction per ASIC;

(iii) gain determination.

2.1. Pedestals

During experiments, so-called dark runs are collected
routinely. A dark run captures the detector read-outs without
the X-ray source being active. In this way we have an estimate
for the electronic noise and other possible X-ray sources not
related to the beam (e.g. cosmic rays), by taking the mode of
all data in such a run, per pixel. Thus,
the most frequent ADU value within

500

CsPad-140K

in the detector setup. Moreover, as the detector consists of an
assembly of different ASICs, this step is performed individu-
ally per ASIC, instead of on the overall frame. There is
support for several common mode correction modes in
PSANA, and the current recommended approach can be
found here (SLAC Confluence Website, https://confluence.
slac.stanford.edu/display/PSDM/Common+mode+correction+
algorithms#Commonmodecorrectionalgorithms-#1-common
modepeakfindingalgorithm).

In our processing, we have chosen to define the common
mode as nothing but the median of all the values registered in
the ASIC for a certain frame. The median was chosen instead
of the mode itself (or the arithmetic mean), as it is more
statistically robust, especially in the face of correlated single-
bit errors, which we have sometimes detected in the CSPAD
data we have analyzed. However, in the presence of a strong
photon signal over large areas of the detector, the median
would no longer accurately represent the zero-photon peak.

After this step, the signal for each pixel is normalized in
such a way that the distribution of corrected ADU values is
centered around O for zero photon events.

2.3. Gain determination

At this point, conventional PSANA would identify the zero-
and one-photon peak values, fitting them with two distinct
Gaussian functions. The quality of the signal, in terms of the
ability to discriminate between 0 and 1 photons, can be judged
based on the sharpness of the zero-photon peak and the
distance, in terms of standard deviations, between this and the
one-photon peak.

2.4. Additional detector artifacts and a suggested correction

Despite these corrections for electronic noise and general
offset, global frame-wise artifacts can still be present. Some
examples are visible in L730 data in Fig. 4 (plot to the left, blue
histogram): when looking at dark datasets in the photon count
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Detector noise histograms for data collected during 1730 beam time on the CSPAD-140K detector
(left) and for data collected during L867 beam time on one CSPAD 2 x 1 module in the CSPAD-

2.2. Common mode correction per
ASIC

Common mode subtraction is needed

in order to cancel out frame-wise offsets offset correction.

2.3M (right). For both plots, the x-axis shows the number of photons in each dark frame
(representing the detector noise); on the y-axis the number of occurrences of each value in that
dataset is found. The correction for a per-ASIC offset is displayed in blue; that for per-column per-
ASIC offset is depicted in red. The inset in the right-hand figure shows a larger tail for the per-ASIC
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space, one can notice a quite broad distribution in photon
count (u =~ 244.10 and o =~ 57.60).

The structure of the artifact in Fig. 5 (first row), obtained
averaging over the sum of 2932 outliers (i.e. putative sample
hits, if no artifact was expected, percentile 90-95 in photon
count to avoid true hits) in the distribution of specific sample
runs from L730, suggests a ‘per column’ offset, based on a
clearly visible horizontal gradient. More strikingly, this artifact
is also observable in the dark data (third row), meaning a
systematic bias is present in the CSPAD. Introducing an
additional per column, per ASIC common mode correction
leads to the result in Fig. 4 (plot to the right, red histogram).
The photon count distribution after correcting for the artifact
in the dark frames is more well defined with a much-reduced
right tail, as would be expected for a run with few or no actual
photon events.
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Figure 5

The six patterns represent a downsampled (8 x 8) average over 2932
frames (first and second row) and over 605 frames (third row). Each row
contains frames corrected on a per-ASIC basis (first column) and per-
column per-ASIC basis (second column). The first row is representative
of the sample runs, where a normalized expected background is
subtracted from each frame used for the average; pixels with too high
photon counts have been masked out. The second row is the average of
the normalized expected background, whereas the last row corresponds
to dark run frames. A strong artifact is clearly shown both in the dark data
and in the sample runs (band in the right CSPAD 2 x 1 module in the left
images) along with its correction (the respective on the right). The latter
is quite striking in the case of dark frames. Data used here come from
L730 beam time, specifically runs 399, 410, 423 (sample and expected
background) and 398 (dark).

In Fig. 6, the ratio between the standard deviation for the
corrected ADU values from a method taking into account a
per-ASIC offset and our proposed approach with an addi-
tional per-column common mode subtraction is reported,
where we take the median value of each ASIC’s column
(pixels from top to bottom in Fig. 6) and subtract it from the
values in the given column. Since this ratio is above 1 for the
vast majority of pixels (>99.4% for both the detectors), the
overall noise level clearly decreases by employing the per-
column per-ASIC common mode correction, compared with
the simpler per-ASIC baseline. Using the per-ASIC correc-
tion, the average per-pixel ADU standard deviations are
2.6252 and 3.9291, whereas with the per-column correction we
obtained 2.5942 and 3.8536. Thus, the new correction applied
gives an average improvement in the width of the zero-photon
peak of ~1.2% for the L867 data and ~1.9% for the L730
dataset.

Despite an improvement of only 1.9% and 1.2% (L730 and
L.867) in the width of the zero-photon peak, we found a larger
difference in false-positive photon reduction: we obtained for
L730 a dark run mean photon count u = 244.10 for the per-
ASIC offset correction and p = 226.42 for the per-column per-
ASIC offset correction, but the decrease in spread is far more
drastic (o = 57.60 and o = 37.33, Fig. 4 on the right); for L867,
we obtained p =~ 3.99 when applying the per-ASIC offset
correction, but it decreases to 3.81 when a per-column per-
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Figure 6

Comparison between per-ASIC and per-column per-ASIC offset correc-
tion. The value reported is the ratio between the standard deviation of
corrected ADU values for the same dark run using the two methods. The
vast majority of values are above 1, meaning that the per-ASIC correction
generates more noisy data than per-column per-ASIC approach. (a)
Comparison for CSPAD-140K (L730). (b) The same for a single CSPAD
2 x 1 module in the CSPAD-2.3M (L867).
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ASIC offset correction is applied. Even with these low values,
the decrease in standard deviation is clear (o = 2.35 against o =
1.99, Fig. 4 on the left). These effects are not due to reducing
overall photon detection power. The average offset imposed
over all pixels over all frames was less than 0.0001, implying
that the average threshold for photon detection went
unchanged and was thus no more restrictive in the per-column
offset correction mode.

The reductions in false-positive photon counts can also be
represented as a decrease in the false-positive photon detec-
tion rate: respectively from 1.70 x 1077 to 1.58 x 10> photon
counts pixel ! frame ' (standard deviations being 4.00 x 10~*
and 2.60 x 10™*) and from 5.57 x 107> to 5.32 x 10~ photon
counts pixel ! frame ™' (standard deviations being 3.28 x 107>
and 2.78 x 107°). Therefore, the relative improvements are
7.06% and 4.49% as for the mean rate values; 35.00% and
15.24% as for the standard deviations.

3. Discussion

We have shown a spatially non-uniform sub-structure in the
per-frame offset artifact in the CSPAD detectors. We have
corrected for this artifact by introducing a separate correction
term per-column in the pixel geometry. Based on the patterns
visible in Fig. 5 as well as Fig. 6, it seems that this artifact has a
specific spatial structure, which is more well ordered than a
random offset per column. A further development would be to
use the expected profile of the artifact to fit the correction
term with greater accuracy. Making such a fit can be of extra
importance when photon counts increase, which would make
the direct determination of the offset per column challenging.
It might be possible to use exclusively the unbound pixels for
determining even this spatially non-uniform artifact, if the
expected profile for it can be proven to be highly predictable.

4. Conclusions

The flash X-ray imaging technique has been proven to be
successful in imaging objects over 40 nm in diameter, with
varying degrees of resolution (Daurer et al., 2017; Ekeberg et
al., 2015; Hantke et al., 2014; Munke et al., 2016). However, in
the context of weak scatterers (biological sample <40 nm in
size) collected at CXI, beamline scattering and other sources
of background signal have been part of the problem in iden-
tifying and analyzing proper particle hits.

We have demonstrated a small, but clear, reduction in the
standard deviation of the ADU noise per pixel, using our
approach. More importantly, we can see that the resulting
effects in falsely detected photons are much more striking.
Since hit rates are low in current experiments, and signal is
sometimes weak, one of the most important aspects in data
processing is to properly separate the background variation
from the weakest true sample hits. In this regard, the relative
reduction of the standard deviation in false-positive photon
counts by up to 35% is our most striking finding. The spread
in the background photon count, including falsely detected
photons, is an important determinant of suitable thresholds for

performing hit-finding (classifying shots containing sample
diffraction versus only background) on collected data (Daurer
et al., 2017; Hantke et al., 2014).

We believe that all attempts to describe the background and
make it consistent will aid further analysis [including attempts
to perform three-dimensional reconstruction using EMC (Loh
& Elser, 2009) on a subset of frames], even in cases when the
background cannot be completely eliminated. In the present
work we proposed a possible correction by means of which we
could decrease the noise level, allowing a superior trade-off
between false-positive and false-negatives for the one-photon
peak.

Our correction has been explicitly validated on the detec-
tors in use at the CXI instrument, but a similar approach
can be transferred to every CSPAD device (including use at
the MEC and XCS, in addition to CXI). The improvements
suggested are most critical in a strictly photon-counting
regime, as in the single-particle imaging case. However, they
can also be relevant for serial nanocrystallography, especially
if ab initio phasing from the diffuse scattering is considered
(Ayyer et al., 2016), and for high-resolution imaging, when
working with the large CSPAD camera, where the signal on
the edges is always fainter (Munke et al., 2016).
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