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In this paper we describe a setup for x-ray scattering experiments on complex fluids using a liquid jet.
The setup supports Small and Wide Angle X-ray Scattering (SAXS/WAXS) geometries. The jet is
formed by a gas-dynamic virtual nozzle (GDVN) allowing for diameters ranging between 1 um and
20 pm at a jet length of several hundred pm. To control jet properties such as jet length, diameter, or
flow rate, the instrument is equipped with several diagnostic tools. Three microscopes are installed to
quantify jet dimensions and stability in situ. The setup has been used at several beamlines performing
both SAXS and WAXS experiments. As a typical example we show an experiment on a colloidal
dispersion in a liquid jet at the X-ray Correlation Spectroscopy instrument at the Linac Coherent
Light Source free-electron laser. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4953921]
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I. INTRODUCTION

The recent advent of modern synchrotron and X-ray Free
Electron (XFEL) light sources allows studying structure and
dynamics of soft condensed matter with unreached spatial
and temporal resolution. In particular, the short x-ray pulse
duration and the high degree of coherence of XFEL beams '™
enable new types of experiments such as particle imaging*®
or correlation studies.’!!

In such FEL experiments liquid jet injection systems are
often used as sample delivery for several reasons. Most impor-
tantly, a jet is a fast steady stream injection system that re-
freshes the sample permanently. In conventional sample envi-
ronments for liquid samples such as capillary containers, the
accumulated x-ray dose frequently leads to extensive sample
damage.”!'%!>13 Thus, x-ray scattering experiments on radi-
ation sensitive samples such as protein complexes are often
performed with steady streaming liquid jets.*® For this pur-
pose different setups are used for x-ray scattering experiments
on liquid jets at modern x-ray sources.'*!° Typically, these
systems are permanently installed at dedicated beamlines.

In this paper we describe the design and performance of
a liquid jet setup, which is dedicated to Small Angle X-ray
Scattering (SAXS) as well as Wide Angle X-ray Scattering
(WAXS) experiments. The setup is designed to be used at
different x-ray beamlines. The jet can be monitored by three
microscopes. In this way we are able to measure in situ the
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length and diameter of the jet and the size of the droplets
that form at the end of the liquid jet. In particular, the
setup is compatible to vacuum chambers of cooled detector
systems via a differential pumping stage and allows thus
x-ray diffraction experiments on molecular liquids. First
experimental results from a WAXS experiment on a jet formed
from a colloidal dispersion performed at the X-ray Correlation
Spectroscopy (XCS) instrument at the Linac Coherent Light
Source (LCLS) are discussed.

Il. LIQUID JET SETUP

Figure 1(a) shows a CAD drawing of the liquid jet
chamber indicating its overall dimensions. The sample
chamber comprises various parts, such as vacuum pumps,
microscopes for in sifu observation, and diagnostics of the
liquid jet and a nozzle holder with various diagnostics tools.
The total weight of the chamber is 120 kg. It is balanced in
order to be mounted on any diffractometer sample table that
is capable of supporting the weight. The x-ray beam direction
is given by the red arrow. Three different microscopes are
mounted on the chamber to record images of the jet from
different directions. Figure 1(b) shows a detailed view of
the microscope setup. Custom-made nozzles are mounted
on a holder which can be moved in all three directions by
high-resolution stepping motors. Gas-dynamic virtual nozzles
(GDVN)?-2* are used to inject the liquid as typically used
in state-of-the-art experiments. Here, a gas streams coaxially
around the liquid to compress and form the liquid jet. This
technique allows producing liquid jets of diameters down

Published by AIP Publishing.
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FIG. 1. (a) Overview of the liquid jet setup showing nozzle holder, manipulators, and microscopes. (b) Detailed arrangement of the microscopes. (c) Close up
of the nozzle holder. The differential pumping stage was used for WAXS experiments at LCLS.

to the um regime at flow rates of 5 to 15 ul/min. After a
few hundred um, the jet typically breaks up into a train of
droplets. Optionally, a piezo motor (SmarAct) can be installed
at the nozzle holder to achieve a sub-um resolution in height.
In Fig. 1(c) a close up of the nozzle holder including the
nozzle and other diagnostics, e.g., a knife edge for beam size
determination and a fluorescence screen for determination of
the beam position, is shown.

For the liquid and gas supply to the GDVN, two
feedthroughs are placed at the entrance of the manipulator,
depicted by the blue arrows at the entrance of the nozzle
manipulator in Fig. 1(a). The liquid flow is measured outside
of the chamber using a micro-flow meter (Sensiron AG,
SLG1430). The gas and liquid pressures are controlled by
high precision valve regulators (ProportionAir, GP1 series).
Using these devices the gas and liquid pressures are controlled
with an accuracy of 0.1% between ppi, = 0.4 bar and
Pmax = 68.9 bar.

The three microscopes are used to observe the size and
alignment of the jet in situ. These are an inline microscope
to control the jet in beam direction, a high magnification
microscope to measure jet and droplet sizes, and a side
microscope mounted at 45° with respect to the beam direction.
All microscope objectives in the setup are equipped with
universal compact cameras (Allied Vision, Manta G-146B).
These offer recording up to 17 Hz using a CCD with
1388 x 1038 pixels. The exposure time of the cameras can
be as short as 7, = 31 us. Since liquid jets are visible best
when back-illuminated, custom-made pulsed light sources
using Light Emitting Diodes (LEDs) are installed opposite
to each microscope objective (not shown in Figure 1) to
ensure that each microscope can look across the jet and
directly into a LED. The sensitivity of the CCD is the highest
for green light, thus 0.5 W LEDs emitting at A = 510 nm
were used with pulse lengths down to 50 ns at repetition
rates up to 120 Hz. Typically, we use a repetition rate of
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10 Hz and pulse lengths of 200 to 400 ns for the high
magnification microscope and 100 us for the inline and
side microscope. The focus and the zoom of all microscope
objectives are motorized using high resolution stepping
motors.

The inline microscope is a 12X macro-zoom-objective
(Navitar, Zoom-Motorized Lenses) in combination with
an ancillary lens (Navitar, Lens Attachments). In this
configuration the objective allows a magnification up to
7 times at a focal distance of dy = 165 mm. In this setting,
a maximum reachable resolution of the recorded images of
A ~ 0.67 um/pixel can be achieved but it is limited by the
objective to about 6.6 um.

The size of the jet and droplets can be measured using
the high magnification microscope. The microscope consists
of a high resolution 12X microscope objective (Navitar,
UltraZoom-Motorized Lenses) and a high magnification
ancillary lens (Mitutoyo 10X). It allows recording microscope
images at a focal distance of dy = 33 mm and a magnification
factor up to 66. Images can be recorded at a theoretical
resolution of A =~ 0.07 um/pixel, but it is limited by the
resolution error of the objective (Rg = 0.9 um). Its resolution
can be calibrated in sifu with the reference scale mounted on
the nozzle holder (see Fig. 1(c)). Since the flow velocities
of the droplets are in the order of several m/s, microscope
images have to be recorded at short exposure times to access
a quasi-static image of the droplets. Thus, the exposure
time of the high magnification microscope is reduced using
a stroboscopic back-illuminating light source with a pulse
duration of up to 400 ns.

For checking the liquid flow and the stability of the jet,
a side microscope is mounted in the setup. Furthermore, the
side microscope allows an in situ control of the jet because
the LED for the inline microscope has to be moved out from
the beam path during the experiment. Thus, using the LED
from the side microscope, the inline microscope can also be
used in reflection geometry when its back-illuminating diode
has been removed. The side microscope offers a view on the
tip of the nozzle under 45° in the horizontal plane with a
magnification factor up to 4.5 times at a focal distance of
dy = 175 mm, see Figure 1(b). It consists of a macro-zoom-
objective (Navitar, Zoom 6000-Motorized Lenses) and an
ancillary lens (Navitar, Lens Attachments). The microscope
images recorded with the side microscope having a theoretical
resolution of A = 1 um/pixel which is limited by the objective
to about 9.5 um.

The alignment of the jet to the X-ray beam is performed
using the inline microscope. In order to visualise the liquid jet,
a mirror is moved to the beam path that reflects the light from
the LED source by 90° to the inline microscope. The X-ray
beam can pass the mirror through a hole of 2 mm diameter.
This mirror can be translated in two dimensions using the
mirror manipulator with a high resolution stepping motor
(Oriental Motors, PK268.4-E2.0B) and a piezo motor
(SmarAct), see Figure 1(a). To define the X-ray beam position,
a fluorescence screen made from Yttrium-Aluminium-Garnet
(YAG) is used. This screen is mounted on the nozzle holder
(see Figure 1(c)) and moved to the beam position before the
experiment. After the beam position has been marked on the
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microscope display the jet is moved back to the desired X-ray
beam position.

The entrance of the setup consists of a CF40 flange
while the exit is a custom made flange. Exit flanges allowing
SAXS, combined SAXS/WAXS and WAXS experiments are
available. Thus the setup can be connected to standardized
vacuum components of a beamline. Vacuum conditions
at pyac = 107® mbar without and py, = 107> mbar with a
running jet are ensured by using three different vacuum
pumps (roughing pump (Edwards, XDS35i), booster pump
(Edwards, XDS100B), turbo pump (Pfeiffer, HiPace 300P)).
The vacuum pressure py,. is measured by three Ceramic
Capacitance Gauges (Pfeiffer Vacuum, CMR 365, CMR 364,
CMR 363). These gauges enable measurements between
Pvac = 107 mbar and py,. = 11 mbar with an accuracy of
0.5% independently of the gaseous atmosphere inside of
the chamber. Since a GDVN injects liquid and helium,
the use of such gas independent gauges is necessary. For
additional measurements of the pressure a full range gauge
(Pfeiffer Vacuuum PKR 261) is used. Its sensitive range of
operation is between py,c = 10~ mbar and py,c = 1000 mbar
at an accuracy up to 30%, dependent on the pressure of the
gaseous atmosphere inside the chamber.

Besides the characterization of the jet, diagnostic tools are
installed to characterize the x-ray beam during an experiment.
The intensity of the direct x-ray beam can be measured using
an x-ray diode (Hamamatsu S3590-09) that is mounted on
the nozzle holder, see Fig. 1(c). Thus, intensity measurements
can be performed without breaking the vacuum or disturbing
the jet. Furthermore, on the nozzle holder a knife edge is
mounted to measure the beam size at the jet position.

lll. EXPERIMENT

The liquid jet setup has been successfully used in
experiments at the cSAXS beamline of the Swiss Light
Source (SLS) at the Paul-Scherrer-Institute and beamline P10
at PETRA III (DESY), both in SAXS geometry, and at the
XCS instrument?® of the LCLS in WAXS geometry. Here we
will concentrate on the demonstration experiment on spindle-
shaped hematite particles in water performed at XCS. The
setup was used in combination with a pnCCD-detector. '3-26-27
In Figure 2 a sketch of the geometry of the experiment is
shown. The detector consists of two separated panels, which
can be passed by the direct x-ray beam (green arrow). The
jet-to-detector distance was d = 50 mm to access wide x-ray
scattering signals from scattering angles 8 = 17.4°to 6 = 36°,
that corresponds to wave vector transfers g = 4T’rsin(H/Z)
between ¢ = 1.3 A~! and ¢ =2.8 A~! at an X-ray energy
of Eyxpny =84 keV. A self-seeded beam was used”® in
combination with the instrument’s Si(111) double-crystal
monochromator. The beam size was focused by compound
refractive lenses to 5 x 3 um? (h x v). In this configuration,
the g-resolution was Ag = 0.0015 A",

As the vacuum condition inside the detector chamber was
Pvac = 1078 mbar and in the sample chamber py,. = 1073 mbar
due to the injection of the sample dispersion, a differential
pumping stage was used to compensate for the pressure
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detector

scattered
X-rays

FIG. 2. Sketch of the scattering geometry showing the liquid jet with the
detector panels.

difference, see Figure 1(c). The diameter of the stage is
72.6 mm with a center hole of inner diameter d; = 40 um
allowing the x-ray beam to pass. Since the detector is sensitive
to visible light, a black polyimide foil is used to separate the
light emitted by the LEDs inside the vacuum chamber and the
detector. The foil is glued on three supports that are directed
from the center to the edges of the differential pumping stage.

As sample we used spindle-shaped hematite particles
dispersed in water at a concentration of ¢ = 0.1 vol. %. Its
synthesis was described by Ozaki and co-workers.”” The size
of the particles was determined to about 80 x 320 nm? from
SAXS patterns measured at the cSAXS beamline of SLS.
The single crystalline colloidal particles exhibit a trigonal
crystalline structure of hematite (space group R3¢).*" Such
spindle-shaped colloidal particles are known to be sensitive to
shear flows by aligning to a preferred direction.’! Thus, this
sample system can be used to study the shear flow of a liquid
jet.

In the experiment the jet was stable over at least each
single experimental shift, i.e., more than 10 h. The jet diameter
was measured with the high magnification microscope to
die = (3.6 £0.9) um. The observed droplet diameter dgrop
at the break up point varied between 5 ym and 8 um.
The break up length of the liquid jet was measured from
several snapshots to be L = (230 +26) um. The error is
estimated from the standard deviation of the measurements.
The difference between jet and droplet size and the break-up
length corresponds to earlier observations of GDVN and
Rayleigh jets.?>*>3 The flow rate of the jet was about
Q ~ 11.4 ul/ min at a vacuum pressure of py,c = 107> mbar.

a) b)
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Microscope images of the nozzle with liquid jet are
shown in Figure 3. Here, the inline microscope was used
in reflection geometry, i.e., its back-illuminating diode was
moved away using the light from the side microscope’s LED
light. Due to the different curvature of the jet compared to
the droplets, they reflect the light into the inline microscope
camera differently (Figure 3(a)). Thus, the jet appears as
a dark line in front of the nozzle tip, while the droplets
appear as a bright line at the break up point. Because
of the long exposure time of f, = 100 ms, the droplets
are smeared out in the microscope image. For the side
microscope, the flow direction is out of plane and the depth
of focus of the microscope objective is about dy =20 um
(Figure 3(b)). Thus, the first part of the jet at the nozzle tip
is visible, while the rest of the jet is out of focus. The image
taken with the high magnification microscope is shown in
Figure 3(c). The exposure time was reduced using the
stroboscopic light source to t, = 400 ns. The image shows
the jet and droplets that are formed due to the jet break up.
The flow velocity v = 18.7 ms™! can be calculated out of
the measured jet diameter d and the measured flow rate Q.
Within the exposure time 7., the droplets cover a distance
Ax =7.5 pum. Since this value is comparable to the droplet
diameter, the droplets appear smeared along the flow direction,
see Figure 3(c).

In Figure 4 an average of approximately 37000 single
shot diffraction patterns recorded on the sample is shown.
The pattern was corrected for dark images and for comparison,
the intensity was normalized to the average value for
each of the total of 16 ASICS of the pnCCD. Further
corrections and analysis, e.g., taking into account background
signals and common-mode corrections,>* and a so-called
droplet algorithm®>% to extract clean intensity values will
be discussed in a subsequent publication. The pattern shows
a bright scattering ring at g =2 AL reflecting the first
structure factor peak of liquid water.>” At higher wave vector
transfer g azimuthal segments of higher intensity are visible.
These signals are related to the Bragg reflections from the
hematite crystal structure of the colloids. The strongest signals
can be assigned to the crystal planes (104) and (110) of
the trigonal structure. Since only incomplete Debye-Scherrer
rings are visible, an alignment of the spindle-shaped particles
in flow direction is suggested. This alignment is in line to the
results of other studies of elongated particles in flow.*!*® The
detailed particle alignment will be described in a subsequent
publication.

>
flow direction

FIG. 3. Three microscope images of the liquid jet. The nozzle is located at the left side of each image and the jet is injected from the left to the right side.
Microscope images were taken with: (a) inline microscope (reflection-illuminated, #. = 100 ms), (b) side microscope (back-illuminated, #. =50 us), (c) high
magnification microscope with back-illuminating stroboscopic light (z. =400 ns). The inset shows a magnification in order to determine the droplet size.
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FIG. 4. Average of approximately 37000 single shot diffraction patterns
taken on the liquid jet. The shadows arise from the coverage of the differential
pumping stage in front of the CCD chips. Intensity is given in arbitrary units.
The hematite Bragg reflections are labeled as (a) (104) reflections and (b) the
(110) reflection. Due to the differential pumping stage, the (110) reflection is
only visible at the lower part of the detector. Further weak reflections can be
assigned to parasitic scattering from the pumping stage. Note that the g-scale
is different for the upper and lower part of the detector because of the offset
of the panels.

IV. SUMMARY AND OUTLOOK

A liquid jet setup has been developed and adapted for
WAXS and SAXS experiments. It has successfully been used
at the ¢SAXS beamline at SLS, P10 of PETRA III, and
the XCS instrument at the LCLS. Since the entrance of the
setup consists of standardized vacuum components, it can
be connected to any XFEL or storage ring beamline using a
custom made exit flange. With a running jet, the pressure in the
chamber is below py,c = 1073 mbar. A differential pumping
stage was developed to connect the setup to the pnCCD
detector for the WAXS experiments at XCS. All movements
are motorized and controlled remotely during the experiment.
The jet can be monitored from different directions and with
different exposure times using three microscopes. In this way,
jet properties such as flow rate, jet diameter, or length can be
measured in situ during an experiment.

In future, we will develop adapters for other nozzle
designs to allow studies with other nozzle types, e.g., modified
designs to use the nozzle as micro mixer for chemicals***" or
nozzle implementations on microfluidic chips to increase the
reproducibility of the nozzle design.*! Furthermore, a droplet-
on-demand system is planned to be installed to reduce sample
consumption and increase the hit-rate of X-ray pulses.'**> We
currently integrate the setup at beamline P10 of PETRA III to
routinely perform liquid jet experiments.
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