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The Macromolecular Femtosecond Crystallography (MFX) instrument at the
Linac Coherent Light Source (LCLS) is the seventh and newest instrument at
the world’s first hard X-ray free-electron laser. It was designed with a primary
focus on structural biology, employing the ultrafast pulses of X-rays from
LCLS at atmospheric conditions to overcome radiation damage limitations in
biological measurements. It is also capable of performing various time-resolved
measurements. The MFX design consists of a versatile base system capable
of supporting multiple methods, techniques and experimental endstations. The
primary techniques supported are forward scattering and crystallography, with
capabilities for various spectroscopic methods and time-resolved measurements.
The location of the MFX instrument allows for utilization of multiplexing
methods, increasing user access to LCLS by running multiple experiments
simultaneously.

1. Introduction

The Macromolecular Femtosecond Crystallography (MFX)
instrument is located in the newest experimental hutch at the
Linac Coherent Light Source (LCLS) (White er al, 2015),
where a space between the fourth and fifth instruments was re-
purposed into what is now known as Hutch 4.5. The MFX
instrument was built primarily to exploit the ultrashort pulses
from the LCLS X-ray free-electron laser (FEL) to minimize or
overcome the adverse effects of radiation damage in structural
biology measurements using X-rays (Neutze et al, 2000).
Specifically, the MFX instrument aims to provide a versatile
atmospheric-pressure system for both static and time-resolved
macromolecular crystallography. Time-resolved measure-
ments are possible using excitation mechanisms such as optical
lasers or chemical mixing, methods that have been developed
over the first decade of X-ray FEL operations, as described in
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The MFX instrument complements the capabilities of the
Coherent X-ray Imaging (CXI) instrument (Liang et al., 2015)
which is also commonly used for structural biology. MFX
provides an atmospheric-pressure sample environment
instead of the vacuum environment of the CXI instrument.
The atmospheric-pressure environment provides increased
flexibility and ease of operation compared with CXI and
duplicates the previously existing capability of the X-ray
Pump-Probe (XPP) instrument (Chollet et al., 2015) to deploy
multiple endstations at atmospheric pressure. MFX provides
the advantage of a more dedicated and accessible system for
easier deployment (Boutet et al., 2016). The MFX instrument
provides flexible X-ray focusing capabilities to tailor the X-ray
spot size to the sample. The instrument consists of a versatile
base system with a large breadboard and two detector
mounting mechanisms that can support multiple existing
experimental geometries and endstations, while allowing
for future technological developments. The MFX instrument
can support other experimental techniques beyond macro-
molecular crystallography applications; such as solution scat-
tering or emission spectroscopy, for example.

MFX experiments can take advantage of multiplexing
techniques, increasing the overall number of biological
experiments performed at LCLS, by using the same X-ray
beam at multiple instruments at the same time. The location of
the instrument in the Far Experimental Hall (FEH) of LCLS
allows MFX to use the transmitted beam from the XPP
instrument located upstream, increasing access to beam time
(Feng et al., 2015) by increasing the amount of simultaneous
experiments. Currently, roughly 25% of LCLS experiments
are multiplexed and this fraction is expected to grow.
Historically, 33% of all LCLS experiments have been in the
life science field and making these experiments compatible
with multiplexing provides a path to grow access.

The motivation behind the addition of the MFX instrument
to the LCLS complex was previously presented (Boutet et al.,
2016). Here, the focus is on the technical components and
capabilities of the instrument, along with commissioning
results and scientific use of the instrument, as well as recent
results from the user community.

2. Instrument overview

The MFX instrument operates in the hard X-ray regime
(i.e. above SkeVor < 2.5 A) A summary of the instrument
parameters is available in Table 1. MFX is installed on the
hard X-ray branch of LCLS which includes a pair of mirrors
in the LCLS Front-End Enclosure (FEE). These mirrors were
recently upgraded in 2017. They are 1 m long — much longer
than the previous mirrors — with two coatings to allow for
harmonic rejection over the range of usable photon energies
produced by LCLS. The two coatings are B,C and Ni and
operate at incidence angles of 2.1 mrad, leading to high-
energy cutoffs of ~13 keV and ~26 keV, respectively. The
extra length provides a clear aperture sufficiently large to
accept the whole LCLS beam with minimal wavefront
distortions to produce a mostly round beam for the experi-

Table 1

X-ray parameters and capabilities of the MFX instrument.

Existing LCLS parameters are derived from Emma et al. (2010), Amann et al.
(2012), Bostedt et al. (2016) and Liu et al. (2018). LCLS-II capabilities are
extracted from Galayda (2014).

Instrument name MFX
Flat mirrors, incidence 2 x B4C or Ni on Si, 2.1 mrad, located in the
angle Front End Enclosure and 1 x B,C or Rh
on Si, 2.75 mrad, located in the X-ray
Tunnel

Monochromaticity (AE/E)t
Energy range (keV)
Unfocused beam size (Lm)
Focused beam size (pum)
Focusing optics

Flux (photons pulse ")
Pulse energy (mJ pulse™)
Pulse length (fs)
Repetition rate (Hz)
Standard detectors

1-3 x 107> (SASE); 2 x 10™* (seeded)

5-25% (fundamental)

800 @ 8.3 keV

2-500 (3.7 measured as smallest focus)

Be lenses, 2D focusing; transfocator

~1 x 10" (fundamental)§

2-4 (fundamental at the source)

5-120, 30 nominal

120, 60, <30, on demand

CSPAD2.3M, CSPAD-140k, ePix100,
Jungfrau 0.5M, Jungfrau 1M,
Rayonix MX170-XFEL (discontinued),
Rayonix MX340-XFEL

Sample table with six degrees of freedom;
liquid jets (He and atmospheric enclosure);
fixed-target fast-scan chips; droplet-on-tape;
cryo- and room-temparature, goniometer
with robotic sample mounting

Sample delivery

+ Typical single-shot value. % 13 keV before LCLS-II upgrade. § Beamline and
instrument transmission is typically ~50-75%.

ments, as recently characterized (Liu et al., 2018). These
mirrors were designed with the upcoming upgrade to LCLS-II
in mind, which will deliver up to 25 keV at the fundamental
energy using the existing LCLS copper accelerator with a new
variable-gap undulator. Therefore, when LCLS-II turns on
in 2020, the fundamental energy range usable at MFX will
extend up to 25 keV (Galayda, 2014).

A similar mirror is located downstream of the LCLS Near
Experimental Hall (NEH) in the X-Ray Tunnel (XRT) (White
et al., 2015). This mirror can send the beam to either the
Matter in Extreme Conditions (MEC) instrument (Nagler et
al.,2015) or the MFX instrument at twice the deflection angle
compared with MEC (Boutet et al, 2016), see Fig. 1. This
mirror was also upgraded in 2017 to have a larger acceptance
and surface quality. All upgraded hard X-ray mirrors can
accept the larger beam at photon energies down to ~3 keV.
The low-energy cutoff of the MFX instrument is not driven by
the beam distribution mirrors but rather by the operation in
air and the efficiency of the beryllium compound refractive
lenses used for focusing, setting ~5 keV as the practical lower
limit. The XRT mirror has two coating strips of B,C and Rh
operating at 2.75 mrad which leads to high-energy cutoffs
of ~11 keV and ~22 keV, respectively. Although the MFX
instrument is located upstream of CXI and MEC, the beam
cannot be multiplexed past MFX, due to the mirror geome-
tries seen in Fig. 1. MFX can only currently multiplex the
beam with XPP.

The MFX instrument utilizes the full bandwidth of the
beam generated by the LCLS lasing process (commonly
known as pink beam). This not only allows the use of the full
spectrum of the self-amplified spontaneous emission (SASE)
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Figure 1

A schematic of the LCLS hard X-ray experimental hutches and their beam distribution system. Not shown are two mirrors upstream (left) of the XPP
hutch which form a periscope to deliver the beam to XPP and beyond. Two large-offset double-crystal monochromators (LODCMs) can deliver
monochromatic beam to the X-ray Pump-Probe (XPP) and X-ray Correlation Spectroscopy (XCS) instruments while transmitting most of the pink
beam through the first crystal to another downstream instrument. One LODCM is located at XPP and the second one is near the end of the X-Ray
Tunnel. Three mirrors in the X-Ray Tunnel can deliver the pink beam to all hutches of the Far Experimental Hall on their own beamline. Two mirrors
form a periscope to XCS. The mirror for MEC/MFX can be used at two different angles to deliver the beam to the desired hutch. All mirrors are removed
from the beam path to allow the beam to reach CXI. The MFX instrument can perform pink-beam experiments when multiplexed with the XPP
instrument using the first LODCM in the Near Experimental Hall. The diagram illustrates that, although CXI and MEC are downstream of MFX, they
are on differing paths and cannot be multiplexed with MFX in the typical way of using a thin crystal.

beam, but also various two-color (Marinelli et al., 2015) and
seeding methods (Amann et al., 2012). There are no mono-
chromators on the MFX beamline. After deflecting off the two
mirrors in the FEE and the third mirror in the XRT, the beam
first encounters devices on the MFX beamline ~370 m
downstream of the source. Fig. 2 shows the schematic layout of
the MFX components.

2.1. Slits and diagnostics

MFX utilizes four sets of slits to reduce errant background
signals from upstream scatter. The first set — located 3.1 m
upstream of the transfocator — removes the portion of the

X-ray beam that is larger than the clear aperture of the
focusing lenses. The next three sets of slits clean the beam
after the focusing optics, reducing errant background scatter
even further. The first three slits are made of SizN, which can
withstand the full LCLS beam, at 120 Hz, without damage in
the 5-25 keV range of capable operation at MFX (at the time
of publication LCLS can produce up to 13 keV at the funda-
mental energy; however, LCLS-II upgrades will allow up to
25 keV). The fourth slits (part of a dual slit at location —1.2 in
Fig. 2) use a Ta/W alloy capable of stopping the harmonics of
the beam and up to 25 keV efficiently. Multiple diagnostics are
available along the instrument, including beam profile moni-
tors and intensity—position monitors (Feng et al., 2011). Ten

£
<
~

Beam Direction

Figure 2

Overview of the MFX instrument layout. Distances are indicated in meters from the nominal interaction region on the sample table (with the detector
arm also sitting at zero, directly above the sample table); positive values indicate the direction of beam propagation. M is a mirror located in the LCLS
X-ray Tunnel (XRT) with two coating stripes to provide tunable harmonic rejection and to deflect the beam to MFX. Lenses at —41.3 are pre-focusing
compound refractive lenses. D, PP & Att at —40.2 is a diagnostic section which includes a Ce:YAG screen for beam viewing, a single-pulse picker and a
set of ten independent silicon attenuators of various thicknesses. S&D are slits, a beam-viewing YAG screen diagnostic and a non-destructive intensity
measurement diagnostic. A transfocator system is used to mount ten independent stacks of compound refractive lenses to produce a controllable spot
size at the sample. TT is a timetool measuring the arrival time of the optical laser in reference to the X-rays (not yet available at MFX but expected in the
future). The slits at location —1.2 are double slits to allow for blocking the harmonics of the beam. L-IN is the laser in-coupling for the optical laser. D at
3.0is a beam-viewing Ce:YAG screen diagnostic to view the beam after it passes through the hole in the detector. The sample at the MFX instrument (0.0
on this figure) is located approximately 420 m downstream of the X-ray source which is within the undulator.
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independently movable silicon attenuators, each on their own
actuator, ranging in thickness from 20 pm to 10.24 mm are
available in the XRT to control beam intensity. The finite
number of solid attenuators can be combined to create
discrete values of attenuation, depending on the incident
X-ray wavelength.

2.2. Pulse picker

A fast shutter can be used to select single X-ray pulses on
demand or for generating a regular repetition rate slower than
the source’s typical rate of 120 Hz. A rotating channel allows
for an opening to let the beam pass for a duration shorter than
the spacing between pulses. The device, known as a pulse
picker, can provide an arbitrary pulse pattern up to a
maximum of 30 Hz peak pulse rate, limited only by the
oscillating speed of the pulse picker’s drive motor.

2.3. Transfocator and pre-focusing

The MFX instrument uses compound refractive lenses
(CRLs) made of beryllium to focus the beam at the sample or
control the spot size at the sample. At MFX, the nominal
distance from the focusing lenses to the sample is 4.4 m as
shown in Fig. 2. The unfocused beam at this location is on the
order of 1 mm x 1 mm, while the clear aperture of CRLs with
a ~4 m focal length at hard X-ray energies is typically on the
order of 400 um. This mismatch inefficiently transmits the
beam to the sample; this can be mitigated via pre-focusing the
beam. MFX therefore uses a set of pre-focusing lenses located
36.9 m upstream of the transfocator in the XRT which allows
the beam to better match the main focusing lens aperture. The
MFX pre-focusing lenses have radii of 750 um (2 x 1500 pm,
bottom stack), 429 pm (2 x 1500 pm + 1 x 1000 pm, middle
stack) and 333 pm (3 x 1000 pm, top stack). These pre-
focusing lenses have varying apertures depending on their
radius of curvature but typically have >1.5 mm clear apertures
and transmissions above 80% over the usable photon energy
range for MFX.

The MFX main focusing lens system consists of ten inde-
pendent actuators each containing a different number of
lenses representing different effective radii of curvature. This
system is known as a transfocator (Vaughan et al., 2011) and
overcomes the limitations of chromatic optics such as CRLs
and allows for all current and future LCLS and LCLS-II hard
X-ray energies (5 to 25 keV with no energy gaps in coverage)
to be focused at the sample location with the use of a
4150 mm stage to translate the lenses along the beam axis (Z
direction). The lens stacks in the MFX transfocator have radii
of 500 (1 x 500), 300 (1 x 300), 250 (2 x 500), 200 (1 x 200),
125 (4 x 500), 62.5 (8 x 500), 50 (10 x 500), 50 (6 x 300) and
50 (4 x 200) um for stacks number 2 to 10, respectively, with
the first actuator left empty for a potential pinhole. The lenses
are arranged from larger radius upstream (weaker lens) to
smaller radius downstream (stronger lens) in order to mini-
mize the losses from the lens apertures. The lenses are
mounted in the center of each holder with spacers to fill the
holder. For the no-pre-focus situation, transmission at 6—

9.5 keV can be estimated at 25-35% for the installed lenses.
Combined with the pre-focusing lenses, the MFX optical
system provides both flexibility and efficiency. Commissioning
results are presented in Section 5.

2.4. Sample table

The MFX instrument provides a flexible experimental
setup, enabling a multitude of experimental geometries,
focused primarily on macromolecular X-ray crystallographic
studies. The sample environment sits atop a large breadboard
with six degrees of motion, which provides a large open
geometry to support a variety of purpose-specific endstations
easily mounted on an optical breadboard as shown in Figs. 3
and 4. The sample table is capable of moving 508 mm hori-
zontally transverse to the beam (X), 216 mm vertically (Y) and
172 mm horizontally along the beam (Z). Pitch, yaw and roll
can be adjusted to level and align equipment mounted to the
table.

Typical endstations used at MFX are: a goniometer-based
system with an automated sample exchange robot developed
at the Stanford Synchrotron Radiation Lightsource (SSRL)
(Cohen et al., 2014), a droplet-on-tape system developed by a
team from Lawrence Berkeley National Laboratory (Fuller et
al., 2017), a 120 Hz chip-scanning system from the Center for
Free-Electron Laser Science (CFEL) (Roedig et al., 2017) and
a helium-filled enclosure for liquid jets developed by the Max
Planck Institute for Medical Research in Heidelberg, similar
to the Diverse Application Platform for Hard X-ray diffrac-

Figure 3

Design of the MFX endstation base system. It includes a ceiling-mounted
detector robot arm which provides the degrees of freedom necessary to
position the detector within a ~2 m-diameter sphere. The robot arm is
installed on a large translation stage that can move along the beam axis.
The single robot is shown here in its two extreme locations. The MFX
endstation base system also includes a large breadboard sample table
with six degrees of motion and a detector mover for large area detectors
in forward-scattering geometry. The detector mover is capable of tilting
the detector up to 30° from horizontal. It is shown here with the Rayonix
MX340-XFEL mounted on it. The arrow indicates the beam direction.

J. Synchrotron Rad. (2019). 26, 346357
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Figure 4
The MFX hutch as seen from the southeast corner. The unfocused beam

enters from the left of the image, and propagates through diagnostics and
slits, and continues to the transfocator and further on through more
diagnostics and slits. The focused beam exits a diamond window to
atmosphere towards the large breadboard of the sample table, seen here
empty. To the right is the Rayonix MX340-XFEL detector on the detector
mover. Above the table (not seen) is the robot arm, which can also be
equipped with another smaller detector. The beam transport pipes for the
MEC and CXI instruments can be seen adjacent to the MFX table.

tioN In SACLA (DAPHNIS) system at the SPring-8
Angstrom Compact Free-Electron Laser (SACLA) (Tono et
al., 2015). These all interface easily to the MFX sample table
and will be described in more detail in Section 3. A helium-
filled flight tube is used to deliver the final, focused beam to
the experiment with minimal stray scattering and connects the
beamline, from a diamond window letting the X-ray beam out
of vacuum, to the endstation of choice on the sample table.
The optical breadboard interface of the sample table also
makes it capable of laser transport and in-coupling for time-
resolved optical pump-probe experiments. The table was
designed to interface with the SSRL goniometer and sample
robot system, to which it owes its non-rectangular shape.
Other systems were made to adapt to the sample table or
fortuitously fit without modifications. The beam transport
pipes delivering the beam to the CXI and MEC instruments
(visible in part on Fig. 4) must pass through the MFX hutch
and represent a limitation to the size in the transverse hori-
zontal direction for systems to be installed on the MFX table.

2.5. Laser systems

Currently, MFX can utilize only nanosecond pulse duration
lasers, including Nd:YLF nanosecond laser systems (Young et
al., 2016; Kupitz et al., 2014) and a tunable Optical Parametric
Oscillator (OPO) system capable of 200-2200 nm wavelength
generation, with 8 ns pulse duration. The MFX instrument
currently does not have a dedicated ultrafast femtosecond
laser system but plans exist to add this capability by early 2020.
This femtosecond laser system will consist of an ultrashort-
pulse Ti:sapphire oscillator synchronized to the FEL seeding
a commercially available chirped pulse amplifier producing

4 mJ at 40 fs. A more in-depth description of the optical laser
capabilities at LCLS has been given by Minitti et al. (2015).
The arrival time of the femtosecond laser will then be
measured using a standard LCLS timetool (Harmand et al.,
2013) to be made available at the same time as the femto-
second laser system.

2.6. Detectors

2.6.1. Detector mover. Large area detectors in the forward-
scattering geometry are a critical part of any macromolecular
crystallography experiment. To position such a detector, MFX
is equipped with a detector mover with micrometer posi-
tioning accuracy to center the detector on the incident X-ray
beam. The detector mover has over 1 m of travel along the
beam axis (Z) and 350 mm horizontally transverse to the beam
(X). It is also equipped with two vertical stages that allow the
detector and its potential central hole to be aligned to the
beam and also tilted up to 30° around a pivot axis to allow for
higher-resolution measurements. The detector mover is built
to mount large heavy detectors such as the Rayonix MX170-
XFEL and a recently deployed MX340-XFEL (Rayonix, LLC;
Evanston, IL, USA), which are both equipped with central
holes to let the direct beam pass through safely. The presence
of a central hole in the detector removes the necessity for a
beamstop that is typically used to minimize the path that
X-rays travel through air that has a line of sight to the
detector. Such an air path creates background scattering on
the detector. The beamstop can be replaced by a hollow metal
tube inserted in the detector hole and can be brought close to
the interaction region. All air scatter from within this tube is
absorbed by the tube material which reduces the background
on the detector, while still allowing the main X-rays to safely
propagate through.

2.6.2. Detector robot. A ceiling-mounted robot arm iden-
tical to the system in use at the XPP instrument is available for
other detector positioning possibilities, such as to measure
X-ray emission signals or to place a detector at a high scat-
tering angle but far from the sample to perform Bragg
coherent diffractive imaging measurements, for example
(Clark et al., 2013). The robot has six degrees of freedom
allowing for the detector to be positioned within a ~2 m-
diameter sphere while facing the interaction region. The
detector can also face any direction for special needs. The
detector robot is capable of carrying relatively light detector
systems (<25kg) such as the Cornell-SLAC Pixel Array
Detector CSPAD 2.3M (2.3 megapixels) and its smaller
counterpart the CSPAD 140K (140000 pixels). It is also used
for mounting ePix100 detectors (Carini et al., 2016) and future
members of the ePix detector family being developed at LCLS
and SLAC such as the ePix10K (Blaj ez al., 2019), which will
provide up to 10000 X-ray photons per pixel readout with
single-photon sensitivity. It can also be used to support
Jungfrau 0.5M and 1M detectors, which are now available at
LCLS.

2.6.3. Detector selection. The optimal repetition rate for
data collection at MFX is governed by the detector chosen and
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the pulse repetition rate. The current maximum data rate is
achieved using the atmospheric Cornell-SLAC Pixel Array
Detector (CSPAD) 2.3M (Hart et al., 2012) with no pulse
picker, i.e. operating at the source’s maximum rate of 120 Hz.
This can be increased in the future with detector and source
upgrades. The Rayonix detectors work at slower repetition
rates but offer higher dynamic range than the high-sensitivity,
single-photon-sensitive CSPAD. The Rayonix detectors can be
binned in order to achieve faster data readouts; however,
binning too many pixels together makes accurate measure-
ment of the intensity and position of the Bragg reflections
difficult, as they will be averaged with adjacent noise. The
Rayonix MX340-XFEL is typically operated in 4 x 4 binning
mode, at a maximum rate of 30 Hz (1920 x 1920 pixels,
177 pm pixel size) or in 3 x 3 binning mode, at a maximum
rate of 20 Hz (2560 x 2560 pixels, 133 pm pixel size). Note that
it is possible to bin the pixels further, creating larger effective
pixels, to achieve higher detector acquisition rates than 30 Hz.
Beyond the natural operation at a full 120 Hz rate, 60 Hz is
also possible with both the CSPAD and appropriate binning of
the Rayonix detectors, but the 60 Hz rate can only be achieved
by reducing the repetition rate at the source due to the MFX
pulse picker being physically limited to a maximum of 30 Hz.
Operating MFX between 30 and 120 Hz is not typically
possible since MFX is multiplexed most of the time with an
XPP experiment using the full 120 Hz repetition rate of LCLS.
The MFX pulse picker is the only way to reduce the rate of
pulses from the source rate upstream.

All available detectors have tradeoffs: some have a very
high dynamic range but lack single-photon sensitivity while
others operate at the full current rate of LCLS of 120 Hz but
have less than ideal noise features, complex geometries, too
few pixels or lack a central hole. Selecting the correct detector
for the experiment is one of the critical decisions that needs
to be made with an instrument scientist. A data-hungry time-
resolved experiment might benefit from the higher repetition
rate of the CSPAD, but would then be more sensitive to
background noise due to the smaller dynamic range, possibly
requiring a helium environment to reduce air scatter.
Conversely, an in-air or viscous media injection might require
the dynamic range afforded by the Rayonix detectors, albeit
at slower data rates. Overall, the combination of all detectors
available at LCLS and the two detector positioning systems
makes MFX ready to support a broad range of experimental
techniques.

3. Spectrometers

The spectrum of the incident FEL SASE pulse can be
measured by a thin bent crystal transmissive spectrometer
located in the FEE or downstream of the sample (Zhu et al.,
2012). A suite of X-ray emission spectrometers, namely
multicrystal X-ray emission spectrometers based on the
wavelength-dispersive von Hamos geometry (Alonso-Mori et
al., 2012) and on the point-to-point Rowland geometry, are
available to be deployed at the MFX instrument. These
spectrometers provide the capability to collect photon-in—

photon-out spectra either independently or simultaneously to
other forward-scattering techniques. While the simultaneous
use of diffraction and spectrocopy is increasing, limited
published work exists to date from MFX. Examples of such
simultaneous measurements have been published from the
CXI instrument (Kern et al., 2013) and a similar geometry is
now available at MFX (Fuller et al., 2017; Kern et al., 2018).
Typically, the diffraction detector is positioned on the detector
mover, the analyzer crystals of the spectrometer are mounted
to the sample table at 90° in the horizontal (the direction of
the polarization of the LCLS X-ray beam) to minimize elastic
scattering background, and the spectrometer detector is
mounted either on the sample table or on the detector robot.

4. Experimental geometries, endstations and scientific
applications

Serial femtosecond crystallography (SFX) has become
increasingly popular since the first experiments demonstrating
the method at LCLS in 2009 (Chapman et al., 2011). The
ability to outrun radiation damage at ambient temperature
conditions has made this an appealing method for structural
determination of novel structures (Redecke et al., 2013) as
well as revisiting cryogenic structures (Sierra et al., 2015).
Furthermore, the short pulses of LCLS lend themselves
naturally to time-resolved studies. The majority of the
experiments at the MFX instrument utilize various SFX
methods, sometimes in combination with spectroscopic tech-
niques.

The MFX instrument does not have a permanent experi-
mental geometry. The broad expanse of the sample table and
flexibility of the space allow multiple experimental geometries
to be utilized. Below is an outline of different types of
experimental geometries and endstations that have been
interfaced to MFX along with scientific applications and
results. These experimental geometries and endstations make
use of the two main advantages of atmospheric-pressure
operation, which are: simplified sample handling and delivery,
and increased versatility of space and device choice, when
vacuum is not required. For example, atmospheric-pressure
operations increases the flexibility in detector selection which
allows commercial detectors or detectors not custom-built for
LCLS to be used. Two standard configurations are currently
available to general users for fixed-target or injector-based
serial crystallography.

4.1. Standard fixed-target serial crystallography setup

A highly automated goniometer-based setup (Russi et al.,
2016) similar to those found at micro-focus crystallography
beamlines at synchrotrons is made available to general users,
as a collaboration between LCLS and SSRL (Cohen et al.,
2014). It has been optimized to provide efficient modes of
serial femtosecond crystallography experiments tailored to
different sample requirements and holders. Crystals can be
mounted on a variety of substrates such as meshes, grids
or chips affixed to standard cryo pins for robotic sample
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exchange and data collection at cryogenic temperatures or at
room temperature in a humidity-controlled environment. An
appropriate X-ray transmission can be dialed in to not oblit-
erate large crystals or to destroy only small parts of them with
a highly focused X-ray beam. Multiple modes of data collec-
tion are supported to tailor data collection to the specifics of
the sample using the Blu-Ice/DCSS software (McPhillips et
al., 2002). Here, the control software of the goniometer can
trigger the pulse picker to deliver single pulses of X-rays on
demand. To test samples and prepare for experiments at MFX,
a similar experimental environment is available at the SSRL
microfocus BL12 for serial synchrotron diffraction experi-
ments. An upgrade of the system at MFX to support 30 Hz
to 120 Hz data collection rates is underway which will greatly
increase experimental throughput. The SSRL goniometer
setup was used at MFX to characterize the structure of a
highly potent V3-glycan broadly neutralizing antibody bound
to natively glycosylated HIV-1 envelope (Barnes et al., 2018).

4.2. Standard liquid injectors

The use of injectors to deliver protein crystal slurries into
the X-ray beam is a staple of SFX experiments and a variety
of injector methods are supported for general users at MFX.
Although initially developed for in-vacuum operation, these
liquid injectors can operate in atmospheric conditions with
little to no modification. For example, high-viscosity extrusion
devices used for samples in lipidic cubic phase (Weierstall et
al., 2014), grease matrix (Sugahara et al., 2015) and other
viscous media (Conrad et al., 2015) can be operated at ambient
pressure and are now used at synchrotron beamlines (Gati et
al.,2014; Nogly et al., 2015; Botha et al., 2015). Other injections
methods such as the Microfluidic Electrokinetic Sample
Holder (MESH) (Sierra et al, 2012) and the gas dynamic
virtual nozzle (GDVN) (DePonte et al., 2008) have also been
used in-air at MFX. Liquid jets in various forms are commonly
used for dynamic mixing measurements (Kupitz et al., 2017,
Sierra et al., 2015). Mix-and-probe experiments have been
performed at MFX on cytochrome C oxidase (Ishigami et al.,
2019) and glucosyl-3-phosphoglycerate synthase enzymes
which are expected to be the beginning of a growing effort in
mix-and-probe SFX experiments. The MFX instrument will be
an important tool for liquid-jet-based studies, crystallography
or other, at LCLS. The Max Planck Institute for Medical
Research in Heidelberg has built a helium enclosure called the
HElium Rich Ambient system (HERA) that is now available
as a standard configuration for general MFX users. Liquid jets
in ambient atmospheric conditions are not subject to freezing
due to evaporative cooling and less prone to precipitation;
however, they result in additional background scatter from the
helium or air, not present in vacuum experiments. Time-
resolved pump—probe studies now represent a significant part
of the MFX liquid jet operation. This trend is expected to
continue with laser-activated dynamics representing an
obvious use of LCLS capabilities. A planned femtosecond
laser upgrade, to achieve the highest possible time resolutions,

will expand the MFX capabilities further, which are now
limited to nanosecond dynamics.

4.3. RoadRunner fast scanning goniometer

Data collection from macromolecular crystals using a fast
detector operating at the full 120 Hz LCLS rate, namely the
CSPAD 2.3M, was demonstrated at XPP (Roedig et al., 2017).
By tuning the settings of the motors, the system allows for the
beam to hit regularly spaced sample windows on chips by
moving at a constant speed, without stopping at every sample.
Tightly spaced sample windows carry many tens of thousands
of sample wells per chips, which allows for data collection
rates approaching those of liquid jets. This system is now
regularly deployed at MFX and can be used in combination
with an optical pump laser for time-resolved studies of photo-
active molecules.

4.4. Droplet-on-tape

In order to improve the precision of pump—probe timing
and allow for longer time delays between laser illumination
and X-ray probing, a droplet-on-tape system was developed,
in which droplets are acoustically ejected onto a moving
polyimide belt (tape) which passes the crystal-carrying
droplets under laser illumination before being probed by the
X-ray beam (Fuller et al., 2017). Combined with the Rayonix
MX170-XFEL detector operating at 10 Hz, the system was
able to efficiently probe the structure of photosystem II at
different illuminated states (Young et al., 2016; Fuller et al.,
2017; Kern et al., 2018). The now-available Rayonix MX340-
XFEL allows the system to operate three times faster and
other future detectors that combine high speed with high
dynamic range will push the data rate even further.

Simultaneous forward diffraction and X-ray emission
spectra were collected for the photo-activated photosystem II
while going through the Kok cycle, using the droplet-on-tape
system. X-ray emission spectroscopy was used to simulta-
neously monitor the electronic structure with a multicrystal
dispersive XES spectrometer (Alonso-Mori et al., 2012)
placed at 90° to collect the Mn K spectrum on a shot-by-shot
basis. Other published work also reports X-ray emission
spectroscopy results from MFX (Fransson et al., 2018), in
combination with crystallography. Combining the two
methods is not an idea novel to MFX but the MFX system was
built having in mind this specific dual method of crystal-
lography and spectroscopy. The use of emission spectroscopy
at MFX is expected to continue to be an important use of the
instrument.

The tape drive system can be modified, for example, to
include an anaerobic-to-aerobic reaction chamber which can
be used for simultaneous crystallography and spectroscopy
measurements of time-resolved rapid mixing reactions. An
example is shown in Fig. 5 where intermediates of ribo-
nucleotide reductase R2 binding to oxygen were studied
(Fuller et al., 2017).
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Figure 5

(a) Schematic of the differentially pumped O, gas activation setup containing regions of O, gas and
slight negative pressure (vacuum). (b) The known reaction scheme of ribonucleotide reductase R2.
(c) Emission spectra of Fe for various O, exposure times. The inset shows the Koy FWHM as a
function of exposure time relative to an 8 s exposure. Reproduced with permission from Fuller et

al. (2017).

5. Commissioning results

The MFX instrument was made available to users for
experiments after a total of five 12-hour shifts of commis-
sioning. The limited time available to commission the instru-
ment allowed for characterizing the X-ray focus and verifying
the X-ray optical performance. System readiness was verified
via the collection of diffraction patterns from streptavidin
microcrystals using the Rayonix MXI170-XFEL, which
demonstrated the MFX capabilities to collect high-resolution
crystallographic data. The X-ray optical performance results
are presented below.

The centers of all lens stacks in the transfocator were
individually aligned transversely to the beam in the X and Y
directions. Then the co-linearity of the Z-translation stage that
moves the transfocator along the beam was checked by
monitoring the beam centroid position at focus on a Ce:YAG
screen through the full travel of 300 mm. The stage axis was
manually adjusted to remove the linear component of the
misalignment, leaving the non-straightness of the stage as the
remaining error.

The focused beam profile was imaged using a Ce:YAG
screen and long-working-distance microscope at the sample
location. The beam profile was imaged while passing through
the focus by moving the Ce:YAG screen and camera along the
optical axis (Z direction). The 0.82 pm pixel size of the image
on this microscope was determined using a standard resolu-
tion test chart USAF1951. Diffraction-limited calculations of
an aberration-free system were also performed to estimate the
modulation transfer function (MTF) of the microscope system
in order to correct for the microscope resolution. This yielded
a resolution of the microscope of 2.8 pm.

Emission energy (eV)

horizontal and the vertical direction
were obtained for each pulse by
deconvolving the fitted Gaussian with
the point-spread function (PSF) of the
microscope. The PSF was determined
from the known geometry of optics
and performance of the optical system
using the calibration target. Further-
more, to obtain an accurate focused
beam spot size, uniform medium plus
thin lens ray-tracing matrix analysis was employed. Based on
that analysis, quadratic fitting was applied to the deconvolved
two-dimensional Gaussian beam for both the horizontal and
the vertical direction. Only the symmetric parts of the
deconvolved curves were used to fit the through-focus profile,
due to symmetry inherent in the quadratic function. From this
fit, the focused beam spot size was determined. This is all
shown at the X-ray energy of 9.5 keV in Fig. 6 where a beam
size of 3.7 um is obtained as an upper bound, likely limited by
the resolution of the imaging system (Koch et al., 1998).

As previously mentioned, MFX has the capability to pre-
focus the beam with CRLs located in the XRT. This can
increase the transmission of the beamline, at the cost of an
increased focal spot size due to the effective source being
closer in a pre-focusing geometry. The transmission gain via
pre-focusing of the beam was measured and is shown in Fig. 7.
This was measured by setting the slits to match the clear
aperture of the primary focusing lenses and measuring the
transmission through these slits with and without the pre-
focusing lenses. Too small a pre-focusing lens radius leads to
too strong a pre-focusing and a beam that is thus too small
at the transfocator, which cannot be used. Therefore, pre-
focusing was characterized only for pre-focusing lens stacks
that lead to a usable situation, ideally producing a beam at the
transfocator that matches the CRL clear aperture. The LCLS
beam becomes larger for lower photon energy. Therefore,
larger gains in efficiency from pre-focusing are expected at
lower photon energies.

The transmitted beam intensity was measured using a
modified version of the single-shot intensity—position monitor
(Feng et al., 2011). This modified version, called Wave§,
measures back-scattering from a thin transmissive Si;N, target
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Figure 6

Focused beam profile characterization at 9.5 keV. The upper row
represents no pre-focusing and the lower row represents pre-focusing
using the lenses in the XRT. Each of the gray dots in the horizontal and
vertical direction represents an LCLS shot to which a two-dimensional
Gaussian profile was fitted to the measured profile. The solid black lines
in (a), (b), (c) and (d) represent the average of the fitted spots within
certain central transfocator Z position bin. (a) Results of horizontal
spatial beam profile characterization without pre-focusing. (b) Results of
vertical spatial beam profile of focused beam without pre-focusing. The
focused beam spot size is ~3.7 um. The results show an astigmatic beam
profile potentially due to misaligned lenses or a bending in the HOMS.
(c) Results of horizontal spatial beam profile characterization with pre-
focusing. (d) Results of vertical spatial beam profile characterization with
pre-focusing. The results also show an obvious astigmatic beam profile
possibly from misaligned (e.g. rotated) pre-focusing lenses.

using eight diodes and shows good linearity with the LCLS gas
monitor. By comparing the Wave8 measurements with the
upstream gas monitor detector, the transmission efficiency can
be evaluated under no pre-focusing and pre-focusing condi-
tions. Pulse intensities under 2 mJ were omitted from the
analysis. Linear fitting was applied to each of the scatter plots
in Fig. 7.

6. Conclusion

The Macromolecular Femtosecond Crystallography (MFX)
instrument at LCLS can perform a wide variety of X-ray
crystallography experiments in the hard X-ray regime (5-
13 keV today and 5-25keV with the upcoming LCLS-II
upgrade) and takes advantage of the unique capabilities of
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Figure 7

Efficiency at 7.5 keV with no pre-focusing and pre-focusing using a lens of
750 pm radius (bottom stack), the only usable pre-focusing option at
7.5 keV. Pre-focusing increases the transmission by a factor of ~2.5. The
relative single-pulse intensity measured after the focusing optics is shown
as dots versus the gas detector single pulse signal, with a linear fit as a line.
The slope represents the relative efficiency.

X-ray free-electron lasers. It is primarily suitable for experi-
ments which require high fluence, that may not be compatible
with the challenges of using a vacuum environment. This
instrument allows for a continued development of femto-
second structural biology with radiation-damage-free struc-
ture determination at room temperature. As the MFX
instrument continues to develop, new opportunities for opti-
cally induced and chemically induced time-resolved experi-
ments will arise. Advancements in automation to the sample
delivery systems and detector technology will improve the
efficiency of data collection, which, in combination with
potential multiplexing, will increase the output of science and
number of user hours the facility can support for biological
imaging experiments. MFX is a versatile system suitable for
creative and unique experimental geometries not limited to
macromolecular crystallography. More details about the MFX
instrument can be found at https:/Icls.slac.stanford.edu/mfx.

7. Facility access

LCLS instruments are open to academia, industry, govern-
ment agencies and research institutes worldwide for scientific
investigations. There are typically two calls for proposals
per year and an external peer-review committee evaluates
proposals based on scientific merit and instrument suitability.
There are also typically calls for shorter protein crystal
screening (PCS) beam times, which may request either the
standard CXI or standard MFX endstations. Access is without
charge for users who intend to publish their results. The
facility is equipped to assist in all aspects of the experiment,
from planning, sample preparation and delivery, to data
collection and analysis. Prospective users are encouraged to
contact instrument staff members to learn more about the
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science and capabilities of the facility, and opportunities for
collaboration.
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