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ABSTRACT

We developed a multipurpose vacuum chamber which function is to be used in the pump/probe diffraction /
scattering and spectroscopy experiments with free electron laser (FEL) radiation. By using a liquid jet setup
to deliver the sample into the chamber it is possible to overcome the difficulties coming from the fact that
a single shot of the FEL radiation is sufficient to induce irreversible damage to the sample. The continuous
refreshment of the sample allows the experiments with the repetition rate of up to the MHz regime. The liquid
jet nozzle size is in the micrometer range. This multipurpose chamber is in particular suited for chemistry
and biochemistry experiments in solution.
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1. INTRODUCTION

Scattering experiments with soft X-ray radiation (1 nm - 10 nm) are ideal for studying the structure of nano-
sized objects and for determining the electron density shape of periodic structures of nanoensembles with
lattice constants of about 5 nm to 10 nm and bigger (periodic self-assembled structures or macromolecular
crystals).! Structural studies on such materials are of particular importance for the development of nanocon-
fined materials with new and extraordinary physical and chemical properties, in biology or in nanomedicine.?
Recent developments of highly intense ultrashort soft X-ray radiation generated with the soft X-ray free elec-
tron lasers (FLASH, LCLS)>* allows for new kind of diffraction, spectroscopic or imaging experiments.> 10
Extending the X-ray energies into the hard X-ray regime (XFEL,LCLS) will extend these experiments to
much broader types of samples. The coupling of an optical femtosecond laser enables the ultrafast time-
resolved experiments with X-ray radiation. The optical laser excitation can be used to change the state of
matter, to generate structures far away from equilibrium or initiate chemical® 2 or biochemical'® 14 reac-
tions with the advantage of an initial, optically well-defined and coherent excitation of the sample, and the
X-ray pulses are then used to probe the excited states and follow their evolution. It is also possible to use
the X-ray beam to induce changes in the materials and then probe with the laser pulses to monitor changes
in the electro-optical properties. The latest improvements in timing between the optical and the free electron
laser pulses achieved the time resolution of better than 10 fs.!> With the possibility to insert liquid sam-
ples in a liquid jet form into vacuum,'%~'° FEL experiments are no more limited to solid and gaseous samples.

Due to the high absorbance of soft X-ray photons by air these experiments require high vacuum conditions.
The vacuum chambers have to be big enough to allow connection of all necessary equipment, e.g. sample
holders and detectors. At the same time, these chambers should be as small as possible so that the downtime
in the operation when they have to be vented and pumped down again is kept minimal. In this work, we
present a design of a multipurpose vacuum chamber which can be used for multiple types of pump/probe
measurements (X-ray diffraction and emission, optical transmission and reflection) while having a small size.
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2. EXPERIMENTAL SETUP

The experimental setup for the liquid jet experiments consists of a main vacuum chamber with the liquid
jet and different X-ray detectors connected to this chamber. Due to the high evaporation rate of liquids
inside the vacuum environment it is necessary to ensure that the vacuum conditions remain stable during
the experiments and that pressure stays good enough that the setup can be connected to the X-ray source
delivery system. For this purpose, at least two differential pumping stages are used to connect the main
chamber to the beamline.

Figure 1. (Color online) Schematic drawing of liquid jet experimental setup. The liquid jet (A) is injected into the
vacuum from upper side and enters the skimmer (B). X-rays (blue pulses) are hitting the liquid jet. Scattered X-rays
are detected with an X-ray CCD camera (C). Emitted X-rays are dispersed by the grating (D) onto the CsI covered
MCP detector with a phosphorus screen (E), which image is recorded by a CCD camera (F)

An HPLC (high performance liquid chromatography) pump system is used for delivering the liquid sample
solution into the chamber. It can deliver stable flow rate and achieve high pumping pressure, both of which
are needed for obtaining stable liquid jet flow during the experiments. The pump system consists of a three
channel degasser followed by a low pressure gradient unit and an HPLC pump. By using the low pressure
gradient unit it is possible to mix three different liquids in any ratio from 1 to 100 percent. This is particularly
important for experiments where concentration dependent studies of a liquid samples are to be performed.
By utilizing an autosampler after the pump, it is possible to insert small volumes of liquids (10 ul - 2 ml)
directly into the tubing delivering the sample to the jet nozzle, which is extremely useful when working with
samples with limited quantity.

Inside the vacuum chamber, liquid sample travels a limited length in the range of a few millimeters before
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interacting with X-rays (Fig 1). The top entrance of a skimmer is placed immediately after the interaction
point, minimizing the path that jet travels inside the main vacuum chamber and in that way limiting the
evaporation of the liquid sample. After the skimmer the liquid stays frozen inside the cooling trap which is
immersed in the liquid nitrogen.

The spectrometer is positioned with 90 degrees in respect to the incident X-rays. For soft X-rays, com-
mercially available spectrometer XES350 from VG Scienta is used.2® It has three gratings and it can be used
for X-rays energies in the range from 20 to 1500 eV. The X-rays are detected using an Csl covered dual
plate microchannel plate (MCP) detector which is positioned in grazing incident geometry. The signal from
the phosphorus screen connected to the MCP detector is then recording using a CCD camera. Usually, one
important part of the spectrometer is an entrance slit which collimates the X-rays coming from the sample
and in that case it is regarded as the geometrical source of the emitted X-rays. The entrance slit, gratings
and the MCP detector have the Rowland circle geometry in order to have the focused X-ray beam on the
detector which ensures that the measurements will have the maximal resolution achievable. However, when
working with the liquid jet which size is on the scale of few tens of micrometers, the slit can be taken out.
In that case the interaction point between the X-rays and the liquid jet is both the real and the geometrical
source of the emitted X-rays.

For hard X-rays, the spectrometer with crystal analyzer can be used.?! In this case, single crystals of differ-
ent materials (e.g. silicon or germanium) are used as mirrors so that emitted X-rays are reflected in Bragg
geometry onto a X-ray detector.

A X-ray CCD camera is positioned to the opposite side of the spectrometer and it is used to detect the

X-rays which are scattered by the sample. Apart from the traditional X-rays CCD cameras, a new type of
detector can be used for this purpose, the pnCCD detector.??23 This detector has multiple advantages over
X-ray CCD cameras: low noise level, high signal-to-noise ratio, high readout rate and the ability to determine
the energy of incoming X-rays with 1% resolution. Although the energy resolution is not sufficient for this
detector to be used as a spectrometer, knowing both the scattering angle and the energy of each individual
X-ray can vastly improve the understanding of underlying mechanism responsible for scattering.
Another newly developed X-ray detector suitable for this purpose is Pilatus.2425 Similarly to pnCCD de-
tector, Pilatus also offers high signal-to-noise ratio, no readout noise and fast readout time. However, while
pnCCD can detect the soft X-rays or even the near-infrared photons,?® Pilatus detector is suitable for detec-
tion of hard X-rays only, with the lowest detectable energy of 7 keV.

3. METHODS

Solving the protein structure is still one of the open questions in science. Although there are some well estab-
lished techniques which can provide us with enough information to solve the structure, like X-ray diffraction,
they usually demand protein crystals which is not always easy to obtain. In order to overcome this prob-
lem, we propose to use the liquid solution of proteins or other chemicals as a sample. The advantages of
this approach are many, first of which is that crystallization can lead to the distortion of protein structure
and, when studying chemical reactions, liquid solutions are the preferred way of providing the reactants.
Also, constant problem with crystals is the radiation damage when the probe beam carries enough inten-
sity to induce non-reversible changes to the sample. When using the liquid jet to deliver the sample it is
possible to choose the flow rate of the jet in such a way that each probe pulse will interact with the new, re-
freshed sample volume so that it will not experience any effect which might be triggered by the previous pulse.

There are some disadvantages of this method and they will be addressed here. One of the main obstacles
in using a liquid jet for delivering a protein solution is the sample quantity. For most of the proteins the
usual availability is on the order of grams or even less. Depending in the jet properties (size, flow rate) and
the numbers of photons per second available, the amount of sample solution needed for the experiment can
be in tens or even hundreds of milliliters. This is why it is very important to minimize the size of the jet to
match the size of the probe pulse so that there will be no unnecessary usage of the sample. Also, knowing
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that XFEL will operate with a 10 Hz repetition rate, it is possible to synchronize the injection of the sample
solution into the liquid jet with the arrival of the X-ray pulses. In that case, the liquid sample will be injected
into the chamber for a millisecond so that it arrives to the interaction point simultaneously with the X-ray
pulse, and for the next 99 ms before the next X-ray train the jet will consist of solvent only.

Since the XFEL is going to have up to 3.000 pulses inside on pulse train, with one train being 600 us long,2¢
it is important to ensure that each X-ray pulse interact with a fresh part of the sample. In order to have a
spacing of 20 um between two pulses the jet would have to have speed of 100 m/s. For a liquid jet with a
diameter of 20 ym that would mean that the flow rate should be 1.9 ml/min, which is easily achievable.

One way of minimizing the amount of liquid needed is to choose the size of the liquid jet depending on
the absorption depth of the X-rays and their focus size. Usually the focus size is in sub 10 um range while
the absorption depth for soft X-rays is considerably smaller, from a few hundreds of nanometers up to a
micrometer. By crafting the liquid jet cross-section to be, instead of circular, elliptical with the dimensions
corresponding the diameter and absorption length of the X-rays, unnecessary waste of the sample material
could be avoided. Also, by minimizing the liquid volume inside the chamber it would be possible to achieve
better and more stable vacuum conditions during the experiments.

One of the difficulties when working with the low concentrated solutions is that the signal coming from
the sample can be very week. In order to probe the chemical reactions of molecules in solution the molarity
of the solution should not be higher that few tens of millimole per liter. In that situation, most of the X-rays
will be scattered or absorbed by solvent before coming to the sample molecule which should be investigated.
This leads not only to the increased measurement time needed to obtain sufficient signal but also to the
lower signal-to-noise ratio. The increase of the noise signal at the detector can come either from the X-rays
being scattered from the solvent or from the thermal noise of the detector. During first X-ray emission spec-
trometry measurements at the BESSY synchrotron, the average count rate for 10 mMol/1 solution was 15
counts/s, where only one quarter of total count rate was coming from the emitted X-rays and the rest was
the background noise.

Having that in mind, it is straightforward to propose two different ways of minimizing noise thus improving
signal-to-noise ratio: first would be to increase the signal count by using new, more intense X-ray sources
such as FELSs, or using the detectors with lower background and read-out noise.

One of the most important advantage of free electron laser in respect to the synchrotrons, together with
ultrafast pulse duration, is the high number of X-ray photons per pulse. The numbers of soft X-ray photons in
one pulse at LCLS free electron laser (~ 10'2 —10!3) is in the same order of magnitude as number of photons
per second at the 3" generation synchrotron sources.* Keeping in mind that the LCLS can work with the
repetition rate of 60 or 120 Hz, it is evident that by using FEL the time needed to record one emission spectra
can be up to 100 times faster then when performing the same experiment at the synchrotrons; instead of 15
minutes, the measurement will be done in 10 seconds. This way it is also possible to minimize the noise signal
and gain the usable emission signal from the solutions with sample concentration of even less than 1 mMol/1.

4. SUMMARY

We have built a compact and easily extendable vacuum chamber for versatile experiments with FEL radiation.
Its small size is especially convenient for fast allocating to different experimental facilities. Although its
primal function is to be used in experiments involving FEL radiation, it can be used for any diffraction or
emission spectroscopy experiments with high vacuum requirement. The jet system provide the means for
serial experiments, like serial diffraction and serial spectroscopy, where rapid exchange of samples is required.
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