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Abstract: Time-resolved in-house macromolecular crystallography is primarily limited by the
capabilities of the in-house X-ray sources. These sources can only provide a time-averaged structure
of the macromolecules. A significant effort has been made in the development of in-house laser-
driven ultrafast X-ray sources, with one of the goals as realizing the visualization of the structural
dynamics of macromolecules at a very short timescale within the laboratory-scale infrastructure.
Most of such in-house ultrafast X-ray sources are operated at high repetition rates and usually
deliver very low flux. Therefore, the necessity of a detector that can operate at the repetition rate of
the laser and perform extremely well under low flux conditions is essential. Here, we present
experimental results demonstrating the usability of the hybrid-pixel detectors, such as Eiger X 1M,
and provide experimental proof that they can be successfully operated to collect macromolecular
crystallographic data up to a detector frame rate of 3 kHz from synchrotron sources. Our results
also show that the data reduction and structural analysis are successful at such high frame rates and
fluxes as low as 108 photons/sec, which is comparable to the values expected from a typical laser-
driven X-ray source.

Keywords: in-house ultrafast macromolecular X-ray crystallography; Eiger X 1M detector; fast X-
ray diffraction data acquisition; kilohertz frame rate

1. Introduction

Modern macromolecular X-ray crystallography (MX) has benefited enormously from the
advances in the sources and the evolution of X-ray area detectors [1-3]. The speed and the photon
count rate of the X-ray area detector are crucial for the realization of time-resolved X-ray diffraction
experiments focused on protein structure and dynamics [4,5]. With the emergence of new light
sources, especially X-ray free-electron lasers (XFEL), but also the development of high repetition rate
femtosecond laser-driven X-ray sources [6-10], time-resolved X-ray diffraction and scattering has
made huge advances in recent times [11,12]. These new sources delivering flashes of femtosecond X-
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rays attract significant interest as they allow the tracking of events occurring at an ultrafast timescale
in material and biological sciences [13-15].

With such advances in X-ray sources and instrumentation, X-ray crystallography has diversified
[16-19]. For instance, with XFELs delivering bursts of highly brilliant ultrashort X-rays, a new variant
of X-ray crystallography called serial femtosecond crystallography (SFX) has gained significant
interest [20-22]. In this novel technique, radiation damage is avoided, or at least kept at a minimum,
by collecting datasets where key damage processes are outrun by the ultrashort pulse duration and
structures practically free of radiation-damage are obtained in a process called “diffraction before
destruction” [23,24]. A new fresh crystal is shot with each pulse of X-rays, and the entire dataset is
collected in a series of such ultra-fast exposures [25,26].

Similar types of serial crystallography data collection methods have also been introduced at
many beamlines at several synchrotrons [27,28]. One of the goals of most serial protein
crystallography projects practiced at synchrotrons is to obtain the structures with minimal radiation
damage. This also signifies the necessity to collect data at low doses and high frame rates.

Advances made in the development of lab-based femtosecond X-ray sources and their
applications in macromolecular crystallography have also gained attention [29]. Lab-based ultrafast
X-ray sources can provide access to tailor-made pulse trains of X-rays and can serve as a
complementary tool to free-electron lasers [30]. With a laser-driven X-ray source, the optical and X-
ray pulses originate from the same drive laser, and when such a laser-driven X-ray source is used in
time-resolved experiments, there is an inherent synchronization between the pump and probe pulses.
However, the limited flux generated from such laboratory sources today, although avoiding
radiation damage, has so far hindered meaningful crystallographic experiments on protein
macromolecules. Additionally, high frame-rate detectors are required in order to best utilize all
available pulses from such sources. With the tremendous development in the detection techniques
seen over the past decades [30,31], a sufficient signal-to-noise ratio can be achieved even with low
brilliance sources, supporting the possibility of doing single-crystal protein crystallography with
laboratory-based ultrafast X-ray sources.

The increase in the rate of data collection in X-ray crystallography during the last two decades
is closely linked to the developments in X-ray detection technologies [1,4]. Several high frame-rate
single-photon counting detectors have been developed during this period. An example of this type
of area detector is the Eiger series from the Dectris Company [1,32,33]. The Eiger X 1M detector, which
is employed in the present work, belongs to the group of single-photon counting hybrid pixel array
detectors (HPAD). The single module of Eiger consists of approximately 500 K pixels with 75 im x 75
im individual pixel size. The smaller pixel size compared to the previous generation detectors makes
it attractive for various scattering and diffraction experiments, and it is increasingly used at
synchrotrons. However, the employment of an Eiger detector at its outstanding frame rate, i.e., kHz
and higher, for diffraction experiments has not yet been demonstrated, especially from the point of
view of its use with parameters relevant for laser-driven sources at kHz repetition rates. This has
created a void between the real capabilities of the detector and a large potential user community. The
underlying problem arises from the time needed by the single pixel to process one photon, which is
on the order of nanoseconds, and the X-ray fs pulse duration. This type of problem was solved for
XFELs by the use of adaptive gain detectors such as AGIPD or Jungfrau. Both of them are expected
to become commercially available. The limited count rate, or the count rate saturation limit, of the
HPAD detectors has consequences for their use with low-intensity fs X-ray sources. Useful signals,
e.g., in a diffraction experiment in one detector frame, would have one of the two possible outcomes—
either no photon or one photon/pixel is registered. In spite of the fact that stronger diffraction signals
would be produced by the sample in one particular pixel of the detector, only a maximum of one
event would be registered. Therefore, we designed an experiment that at least in part answers the
question of the feasibility of such measurements under conditions of minimal exposure and signal
detection at the limit of one event per pixel per frame. In this paper, we present X-ray crystallography
data collection at a low flux and at high frame rates relevant to both serial crystallography at
synchrotrons and femtosecond laser-driven X-ray sources. We used X-rays from the attenuated
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undulator source at Synchrotron SOLEIL in eight bunch mode corresponding to a bunch separation
of 148 ns and a bunch length of 89 ps at a total ring current of 100 mA and yielding an overall flux as
low as 108 photons per second. The frame rates used for the Dectris Eiger X IM detector were as high
as 3 kHz. Under these conditions, we show the feasibility of doing kilohertz macromolecular
crystallography at low flux, comparable to the ones generated with the lab-based ultrafast X-ray
sources. This raises the possibility of performing macromolecular crystallography with such sources
and eventually developing such experimental-systems as a complementary tool to study the ultrafast
structural dynamics in macromolecules.

2. Materials and Methods

2.1. Experimental Setup

The experiments were performed at the PROXIMA 2A beamline at synchrotron SOLEIL [34].
The experimental configuration is depicted in Figure 1. X-rays of 10.836 keV from the in-vacuum
undulator source were focused on using a Kirkpatrick-Baez (KB) mirror pair. X-ray energy was
chosen to correspond to the Bi La spectral line. A laser-driven plasma source with a liquid Bi-metal
target is under development at ELI beamlines (Dolni Brezany, Czech Republic). A cryogenically
cooled single-cut silicon monochromator delivered X-rays with monochromaticity of ~2 x 10 Water-
cooled primary slits located upstream of the monochromator were used in regulating the photon flux
during the experiments. The beam size at the sample position was 10 um x 5 um. A high precision
micro-diffractometer MD2 (Arinax, France) was placed downstream from the KB mirrors.

Figure 1. Photograph of the experimental setup at Proxima 2A beamline. The lysozyme crystal was
mounted on an MD2 goniometer and cryo-cooled during the data collection with an Eiger X 1M
detector.

The protein crystal (Figure 2) was mounted on the goniometer head in the micro-diffractometer
with the assistance of a robotic arm (Irelec, France). The crystal was continuously cooled to 100 K
using nitrogen gas through a cryostream blower (Oxford Cryo Systems, Oxford, United Kingdom).
A beam-stop was placed immediately before the detector to block the primary X-ray beam. The
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diffracted signal was recorded by an Eiger X 1M (Dectris, Baden-Daettwil, Switzerland), which has
an active size area of 77.2 x 77.9 mm?2. The detector was mounted at distances 50 mm or 60 mm
downstream from the sample crystal in order to optimize the resolution and to minimize the
background scattering (noise). The highest resolution provided by the employed geometry was 1.59
A at the detector edges and 1.124 A at the corners.

Figure 2. Micrograph of the protein crystals used in the study. The crystallization procedure yielded
lysozyme crystals of the tetragonal space group P4s:212 (Table 1). The scale bar corresponds to 20 pm.

2.2. Protein Samples and Data Collection Procedures

The data presented in this article were collected using lysozyme crystals (Figure 2). The
crystals were grown using the hanging drop method [35]. The investigated crystals were of sizes ~35
im x 35 im. Two different crystals were used for the reported measurements. The first crystal, labeled
as lyz1 in Table 1, was used to collect the datasets at high flux and also at a high frame rate up to 3
kHz. The second crystal, hereinafter labeled as lyz2, was primarily used to collect the datasets at low

fluxes.
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Table 1. Details of experimental data and data reduction results. The results for lyzl 2 kHz and lyzl 3 kHz were obtained with iMOSFLM, and the others were

obtained with XDS. The space group of the crystals in all cases is P4s212. The X-ray energy 10.836 keV, sample temperature 100 K, total rotation range 360°, rotation

range per image 0.1°, number of images 3600. The crystal detector distance was 60 mm for lyzl and 50 mm for lyz2. The data in parenthesis corresponds to the

highest resolution shell.

Dataset lyz11kHz lyz11kHz lyz11kHz lyz1 2 kHz lyz1 2.4 kHz lyz1 3 kHz lyz2 1 kHz lyz2 1 kHz lyz2 1 kHz lyz21kHz
0.5Io 5Io 50Io 50Io0 5Io 50Io 0.01Io 0.05Io 0.1Io 0.5Io
Dataset abbreviation L11_05 L11_5 L11_50 L12_50 L124_5 L13_50 1.21_001 L21_005 L21_01 L21_05
Rotation speed (°/s) 100 100 100 200 120 300 100 100 100 100
Exposure time (s) 0.001 0.001 0.001 0.0005 0.00041 0.0003 0.001 0.001 0.001 0.001
Set transmission (%) 0.5 5 50 50 5 50 0.01 0.05 0.1 0.5
Flux ! (photons/sec) on crystal 9.1 x10¢ 8.2 x10° 8.7 x 101 8.7 x 10" 8.2 x10° 8.7 x 1010 8.7 x 107 2.1x108 2.7 x 108 9.1 x10¢
Unit cell
a=b(A) 75.97 76.14 76.3 79.16 76.12 7897 75.8 75.9 75.99 76.08
c(A) 35.47 35.54 35.61 37.01 35.54 35.01 35.16 35.36 354 35.44
Mosaicity (°) * MOSFLM 0.11 0.11 0.15 0.68 * 0.14 0.74* 0.07 0.07 0.07 0.07
Resolution (A) 2.53 (2.64-2.53) 2.0 (2.07-2.0) 1.85 (1.93-1.85) 2.0(2.09-2.0) 2.14(2.18-2.14) 3.78(3.86-3.78)  4.53 (4.64-4.53)  2.83(2.96-2.83) 2.6 (2.71-2.6)  2.28 (2.40-2.28)
No. of reflection 92,496 179,722 209,230 199,428 156,432 151,616 15,923 61,382 86,921 179,654
No. of unique reflection 3762 7453 9408 8388 6308 6160 1009 2965 3922 7444
Completeness (%) 99.5 (97.3) 99.6 (96.3) 99.7 (96.9) 99.9 (95.6) 99.7 (97.0) 98.1 (92.0) 99.1 (95.1) 99.4 (93.4) 99.5 (94.0) 99.5 (94.9)
Multiplicity 24.6 (24.2) 24.1 (16.1) 22.2(12.5) 23.8 (17.1) 24.8 (19.1) 24.6 (16.3) 15.8 (17.8) 20.7 (19.0) 22.2 (19.8) 24.1(17.9)
ISa 7.32 19.35 18.16 27.23 16.83 23.92 4.09 4.72 4.18 7.11
I/o(I) 10.8 (3.9) 26.2 (5.8) 37.7(3.1) 45.0 (6.1) 221 (4.2) 21.0 (4.8) 5.7 (3.4) 7.1(4.1) 7.7 (3.1) 8.3(3.0)
Rmeas (%) 28.2 (58.2) 10.1 (54.5) 6.2 (48.0) 5.9 (13.8) 11.2 (55.1) 6.0 (22.3) 47.7 (49.8) 42 (76.0) 37.7 (61.8) 29.1 (48.2)
CCir 99.2 (95.9) 99.9 (96.0) 99.9 (95.1) 99.9 (88.2) 99.9 (90.2) 91.7 (76.3) 96.1 (95.8) 97.8 (92.4) 98.5 (89.5) 99.3 (82.2)

1 The beam divergence was 1.6 x 1.0 mrad.
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Crystals were flash-frozen in liquid nitrogen, and the selected crystal was mounted on the
goniometer head using a robotic arm. The Q-axis of the micro-diffractometer was used to rotate the
crystal. The entire dataset was collected by sampling the rotation at 0.1 degree Aw per frame. The
angular-sampling selected here was small enough to avoid the lunes-overlap in the multiple
consecutive frames. Datasets were collected at various detector frame rates and exposure times in
order to test the feasibility of low-flux and high repetition rate experiments. The detector dead time,
which was 3 ps between the consecutive frames, resulted in about 1% unrecorded time at a 3 kHz
frame rate.

At each exposure time, datasets with various incident fluxes were obtained by attenuating the
available maximum flux of the beamline. The attenuation of the incident flux was done by adjusting
the slit opening placed upstream from the monochromator. In this manner, the incident flux was
reduced to a value as low as 0.01% of the maximum flux. The maximum flux of the beamline was
measured to be 102 photons/sec. The beam was almost parallel with a divergence of 1.6 x 1.0 mrad
(H =V at base).

2.3. Data Reduction and Treatment

The X-ray diffraction datasets were reduced by the software package XDS [36] and also by the
iMOSFLM package [37]. The output image format of the Eiger detector was HDF5, which can be
directly processed with XDS.

In the case of data processing using iMOSFLM, the HDF5 to CBF conversion was done by the
Eiger2cbf program, which in our case was able to automatically convert the whole dataset of a given
HDF5 master file.

The data were scaled with Aimless [38], and the structures were solved with Molrep [39] and
Refmac5 [40] programs of the CCP4 program suite [41]. Molrep was used to obtain phases with the
lysozyme structure 1dpx [42] as a molecular replacement search model. The structure was then
refined with Refmacb. The refined structure was used to generate the electron density maps.

The radial averaging of a 2D detector image to a 1D curve was calculated from the angular
average of a circle at different g-values. Each pixel from the center of diffraction was considered to
be one discrete gq-value. The procedure is similar to the one implemented in the widely used pyFAI
program [43].

3. Results

A description of the collected datasets and the data-reduction statistics are summarized in Table
1. The results were obtained at frame rates up to 3 kHz using an Eiger X 1M detector comprising two
modules with approximately 1 million pixels. The collected datasets displayed remarkably low
background noise, resulting in the detection of the peaks even at very low exposures.

Figure 3 shows a plot of the radial average of the X-ray intensities in the absence of a protein
crystal (environmental background scattering). Different transmissions at a frequency of 1 kHz were
investigated. It can be seen that the maximum noise level in the radial average of the background is
well below one photon. At each exposure time, a set of background frames were recorded in order to
differentiate the diffraction spots from the noise. At the lowest flux, the background images recorded
in the absence of a crystal were as low as 2 photons/pixel, while diffraction spots in the images
recorded with a crystal showed values as high as 8 photons/pixel.
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Figure 3. Radial average of the X-ray diffraction intensities determined at 1 kHz operational frequency
of frame readout of the Eiger X 1M detector for different transmissions and in the lack of protein
crystals, i.e., the background coming from the air scattering and other factors. Y-axis gives the radial
average of photons counted by the detector per 1 ms exposure time per frame. The average is
calculated for one typical background frame.

3.1. Investigation at a Frame Rate of 1 kHz

High-quality data were collected at low flux and at a frame rate of 1 kHz. Figure 4a shows an
example of such a diffraction image obtained by summing thirty individual frames. The weaker spots
in the diffraction can be attributed to the very low incident flux. A comparative diffraction pattern at
the same repetition rate, but for the highest flux reported in this article is shown in Figure 4b. After
manual inspection of the data, the X-ray diffraction datasets for 1 kHz were reduced with XDS. The
results summarized in Table 1 indicate that the data treatment is straightforward at 1 kHz and at
relatively high flux. Similar observations were recently reported by Casanas et al., 2016 [33].
Correspondingly, several statistical characteristics such as CCip, signal-to-noise ratio (I/o(I) ), etc.,
displayed good values confirming that the data are suitable for structural analysis. Thus, the data
reduction is remarkably successful for all datasets at lower flux and at a 1 kHz frame rate. Any loss
of resolution in between the datasets can be attributed to the lowering of the photon flux and
therefore decreased (I/o(1) ).

(a) (b) (©)

Figure 4. Examples of diffraction images acquired at (a) the lowest flux of ~10® photons/sec (dataset
L21_001), (b) at 1 kHz frame rate with 50% of the incident photon flux ~9 x 10'° photons/sec (dataset
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L11_50), and (c) at 3 kHz frame rate with 50% of the incident photon flux ~9 x 10'° photons/sec (dataset
L13_50) (summation of 30 images for each subpanel).

The maps for 1 kHz at the lowest incident flux of ~10% photons/sec (dataset L21_001) and for the
50% transmission of the incident photons (dataset L11_50) are shown in Figure 5a,b, respectively. The
quality of the map corresponds to the statistical analysis presented in Table 1.

(a) (b)

Figure 5. 2mFobs- DFcale (contoured at 10) for residues 545 of lysozyme (a) for data collected at 0.01%
transmission of the incident flux (dataset L21_001) and 1 kHz frame rate (b) for data collected at 50%
transmission of the incident flux and 1 kHz frame rate (dataset L11_50).

3.2. Frame Rates of 2 and 3 kHz

An example of a diffraction pattern collected at 3 kHz is shown in Figure 4c, which is also a sum
of 30 consecutive frames. It is obvious that the diffraction spots are very pronounced compared to
those in the pattern displayed in Figure 4a, where the spots are relatively weaker. At frame rates
higher than 1 kHz, the data reduction provided some challenges. In our hands, XDS failed to give
good statistical output for the initial images of the 2 and 3 kHz datasets. To overcome this problem,
the iIMOSFLM package was employed for the treatment of these data. iMOSFLM data reduction
software can account for the discrepancies in the “mis-setting” angles (small rotations about the
principle axes denoted ¢x , @y, and @-) of each frame resulting from any uneven movement of the
crystal about the w (or ¢) axis. The obtained results yielded good statistical parameters as deduced
by iMOSFLM. Note that the large values for mosaicity can be explained by the definitions and
different methods of calculation between the programs iMOSFLM and XDS. iMOSFLM values are
calculated base-to-base of the reflection across several images, while XDS calculates an estimated
standard deviation of a Gaussian profile passing through the shortest route of the Ewald sphere.
Indeed, the data acquisition at such high frame rates can also be affected by nonuniformity in the
rotational speed of the MD2 goniometer axis, which may introduce an uneven rotational motion of
the crystals. For the goniometer used in the present experiments, the maximum rotational speed
without lag was limited to 120 °/s, and the data collection at 2 kHz and 3 kHz exceeded this limit
resulting in a lag of the protein crystals. This problem, coming from the axis rotation speed, is also
the probable dominant cause of the lower ISa and higher mosaicity values during the analysis of the
data at 2 kHz and 3 kHz with iMOSFLM. In addition, the effect of ramping of the speed to reach the
desired value should be taken into account. The variations in the mis-setting angles can be caused by
vibrations from the goniometer and/or the effects from the cold nitrogen gas cryostream. Although
the data were collected in a series on one crystal with the 3 kHz being the last one, there were no
obvious signatures of radiation damage in the diffraction patterns, such as the decay of the Bragg
peak intensities at the highest resolution.

Despite the data having rather weak intensities, we have attempted to solve the structure of
lysozyme collected at 2 kHz (dataset L12_50) and 3 kHz (dataset L13_50) frame rate. The electron
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density maps for the datasets at 2 kHz and 3 kHz are shown in Figure 6a,b, respectively. The quality
of the maps corresponds to the statistical analysis presented in Table 1.

(a) (b)

Figure 6. 2mFobs- DFcalc electron density (contoured at 10) for residues 5-45 of lysozyme (a) for data
collected at 2 kHz frame rate (dataset L12_50) (b) for data collected at 3 kHz frame rate (dataset
L13_50).

With the current state of laser-driven X-ray sources, the measurements with frame rates at 2 kHz
and 3 kHz will become more feasible as more lasers operate at higher pulse rates with maintained
pulse energy sufficient to drive the necessary plasma formation in the target. Our results indicate that
the management of the goniometer rotation speed needs to be carefully considered when using
sources with repetition rates higher than 1 kHz in operation. Thus, the rotation speed is a mechanical
factor that interplays with the detector frame rate and the X-ray source flux. Furthermore, the
vibrations induced by the cryo-stream gas flow can pose rotation speed limits on goniometers with
high-speed motors.

3.3. Frame Rates of 2.4 kHz

In order to find out whether the problems with the 2 kHz and 3 kHz datasets stemmed from the
uneven motion of the crystal, potentially arising from the fast speed of the goniometer and/or the
cryo-stream, we have performed an experiment at 2.4 kHz with the rotational speed of goniometer
of 120 °/s, i.e., the maximum rotational speed without lag (according to the beamline specifications).
The data reduction for this dataset was performed with XDS (summarized in Table 1) and gave
reasonable statistics. The electron density map for the dataset at 2.4 kHz is shown in Figure 7.

Figure 7. 2mFobs- DFcalc electron density (contoured at 10) for residues 5-45 of the lysozyme for data
collected at 2.4 kHz frame rate (dataset L12.4_5).

Overall, Table 1 demonstrates that high-quality data can be obtained at a relatively low flux or
high repetition rates. The obtained plot of resolution versus the input photon flux for 1, 2, 2.4 and 3
kHz frame rates are presented in Figure 8. As expected, the resolution depends on the photon flux
for all investigated cases. The relatively lower resolution for the dataset at 3 kHz we suspect is
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attributed to various mechanical instabilities, such as goniometer rotation and/or cold streamflow, as
noted above.
5.0

45
401 1kHz, 50mm 3kHz
g
=35
S
3
2 3.0
&
2.5 1kHz, 60mm
Qz
2.0 1 °
15 , . . . . .
45 5.0 5.5 6.0 6.5 7.0 7.5 8.0

Photons/Frame [log scale]

Figure 8. A plot of resolution versus the number of photons (on the crystal) per frame (see Table 1)
after the analysis with the XDS and iMOSFLM programs.

4. Discussion

Major differences in the characteristic of the synchrotron radiation and in-house laser-driven
source that can be vital for the macromolecular crystallography are the coherence of the source (both
spatial and temporal) and the photon flux density. Photon flux density can be compensated by the
use of larger high-quality crystals compared to those used at Synchrotrons. The temporal coherence
of laser-driven ultrafast X-ray source can be made comparable to that of Synchrotrons by using
appropriate multilayer X-ray optics downstream of the source. Similarly, the spatial coherence of
such sources can be made comparable to that of synchrotron beamlines by minimizing the divergence
of the source with downstream X-ray optics. With the development of high-power lasers of kHz or
higher repetition rate and continuous effort being made in ramping up the flux of laser-driven
ultrafast X-ray sources [10], the result presented here takes us much closer to the realization of
macromolecular crystallography with lab-based ultrafast X-ray sources. Nevertheless, proper
characterization of the source and appropriate data collection and data analysis strategies must be
adopted to truly harness the full potential of performing macromolecular crystallography with such
laser-driven ultrafast X-ray sources. Scheme 1 highlights the parameters varied in our study.

(E——,

Exposure time
(frame rate)

" Rotation Flux
Speed

Scheme 1. Parameters that were varied during the data collection strategies to find the conditions that
would simulate future in-house laser-driven plasma source installations. Rotation speed 100 °/s,
frame rate 1 kHz, and flux on the crystal at least 10° photons/frame appeared to be the preferred
parameters.
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Diffraction data collection at up to 1 kHz frame rate showed no instrumental limitations. From
our analysis, we learned that ~1 million photons/frame on the crystal is necessary to obtain structure
from a high-quality crystal, with a resolution better than 2.5 A. This photon flux is comparable to
what state-of-the-art laser-driven ultrafast X-ray sources currently deliver. The data collection at a
frame rate higher than 1 kHz hinted that all potential sources that can introduce unwanted crystal
movement need to be minimized. These sources of vibrations include those coming from the
rotational speed of the goniometer above the mechanical limit of the instrument and/or the flow-rate
of cryo-stream. Our analysis of data collected at 2.4 kHz frame rate at a slower rotational speed
compared to 1 kHz, 2 kHz, and 3 kHz data show that the frame rate itself does not disable acquisition
of good quality data. However, the goniometer rotation speed at the empirical limit of 120 °/s already
brings a slight deterioration of the resulting data. Therefore, the above-discussed problems of the 2
kHz and 3 kHz data sets are very likely caused by the unevenness of rotation and/or other vibrations.
Further quantification of the impact of these factors on the quality of single-crystal diffraction data
shall be pursued in the future. A special accent in our planned developments will be put on the fine
comparison of 1 kHz, 2 kHz, and 3 kHz frame rates data at 100 °/s, which may serve as a specific
control experiment for additional verification of the results presented here. For data processing,
alternatively, such diffraction data could also be reduced with software such as nXDS [44].

5. Conclusions

The development of new X-ray sources and detectors facilitates the development of new
methods in crystallography and significantly impacts the extension of knowledge in biological
sciences. Here we demonstrated that kilohertz macromolecular X-ray crystallography at frame rates
up to 3 kHz and at a low flux of ~108 photon/sec works with the Eiger X 1M detector and revealed a
normal behavior of the detector and the performance of the data processing software. The acquired
data were further processed to obtain the corresponding structure at an acceptable resolution. These
findings motivate further development of even higher frame rate detectors with integrating
capabilities, such as the AGIPD or Jungfrau detector [4,5], which will become a key equipment in
future crystallography. Until these detectors are not commercially available, Eiger-type detectors
appear a preferable choice either for synchrotron or laboratory use for high frame rate
crystallography. Though the approach used here is conventional rotation-based crystallography, the
arguments presented are likewise applicable for serial X-ray crystallography. It can be concluded that
in order to implement high frame rate kilohertz crystallography with the conventional rotation-based
approach, a solution of the “crystal slippage”, due to various causes, must be sought. Our results
contribute to the further development of synchrotron-based serial crystallography and also pave a
way forward for the use of femtosecond laser-driven X-ray sources to study ultrafast dynamics in
macromolecules.
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