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Sacrificial Tamper Slows Down Sample Explosion in FLASH Diffraction Experiments
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Intense and ultrashort x-ray pulses from free-electron lasers open up the possibility for near-atomic
resolution imaging without the need for crystallization. Such experiments require high photon fluences
and pulses shorter than the time to destroy the sample. We describe results with a new femtosecond pump-
probe diffraction technique employing coherent 0.1 keV x rays from the FLASH soft x-ray free-electron
laser. We show that the lifetime of a nanostructured sample can be extended to several picoseconds by a
tamper layer to dampen and quench the sample explosion, making <1 nm resolution imaging feasible.
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Single-particle coherent diffractive x-ray imaging aims
to achieve near-atomic resolution for atomic clusters, mac-
romolecules, macromolecular complexes, or larger objects
without the need for crystallization. Despite the short pulse
lengths offered by x-ray free-electron laser (XFEL)
sources, the achievable resolution of images will depend
on the degree of radiation damage to the molecule that
occurs during the course of the x-ray pulse. High x-ray
fluences (~10'% photons/molecule) are necessary to com-
pensate for the small scattering strength of single mole-
cules [1]; meanwhile high fluences also result in more
rapid x-ray damage to the molecule. We propose to retard
this damage, and thereby relax the pulse length require-
ment, by encapsulating the molecule in a thin sacrificial
tamper layer [2,3]. The tamper layer supplies a bath of
photoinduced free electrons to the sample, and arrests the
hydrodynamic expansion through inertial confinement.

The calculated explosion of a homogeneous particle of
150 A diameter irradiated by a 25 fs-long XFEL pulse of
8 keV x rays (similar to those generated at Stanford’s Linac
Coherent Light Source [4]) is shown in Fig. 1. The calcu-
lations were performed using the hydrodynamic model
described in Ref. [5]. We chose the pulse fluences such
that the total intensity scattered by the sample is the same
for this case and our experimental investigation with
0.1 keV FEL pulses obtained at FLASH [6] at a wavelength
of 13.5 nm and a fluence of 31 J/cm?. Note, in particular,
how the untampered particle shape, Fig. 1(a), significantly
changes within a few femtoseconds according to the simu-
lations. A sacrificial tamper layer helps retard this damage.
In a likely scenario for single-particle imaging, multiple
tamper-coated molecules are injected into the XFEL beam
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one by one, and the measured diffraction patterns averaged
to improve the signal-to-noise ratio [7-10]. Our hydro-
dynamic simulations of the present FLASH experiment
suggest that without a tamper, the sample disintegrates
on the time scale of a few picoseconds whereas with a
tamper the sample more-or-less retains its shape, as shown
for the case of soft XFEL pulses in Figs. 1(b) and 1(c). The
simulation of the temperature and density evolution of the
samples irradiated with 0.1 keV x-ray pulses was calcu-
lated using the HYDRA radiation hydrodynamics code that
accounts for radiation transport and electron thermal con-
duction [11]. We based our estimate of the complex index
of refraction on published room-temperature solid-density
values and corrected for changes with temperature and
density using an average ion model employing screened
hydrogen potentials [12]. Tampering could lead to atomic
resolution structure determination in ‘‘diffraction before
destruction” experiments at short wavelengths. This will
enable groundbreaking new experiments in biology, cluster
physics, nanoscale chemistry, or in studies on matter under
extreme conditions.

Here, we present direct experimental evidence that a
sacrificial tamper layer can be successful in containing
hydrodynamic expansion during the XFEL pulse using a
variation of the femtosecond time-delay holography tech-
nique [13]. This technique exploits the fact that a multi-
layer mirror can reflect back a FEL pulse at 13.5 nm
wavelength before the mirror surface is destroyed by that
extremely intense FEL pulse [14]. By reflecting the FEL
beam back onto itself, the same beam can be used both to
trigger the sample explosion and then to probe the explod-
ing sample with a well-defined time delay. An innovation
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(a) 150 A aluminum sphere, 8 keV FEL pulse:
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FIG. 1 (color online). Calculation of the expansion dynamics.
(a) A 150 A-diameter aluminum sphere during XFEL irradiation
with a fluence of 2.5 X 10® J/cm? without a tamper (left) and
with a 25 A thick silicon tamper (right). (b),(c) Cross-sectional
view of a 70 nm-tall and 200 nm-wide aluminum cylinder after
XFEL radiation with a fluence of 30 J/cm? (b) without a tamper
and (c) with a 75 nm thick silicon tamper. Only the aluminum
portion of the sample is shown. We chose the pulse fluences such
that the total intensity scattered by the sample is the same for the
8 and 0.1 keV case. The pulse duration was 25 fs.

used here (Fig. 2) is that we placed samples on very small
sample windows, which prevent the primary diffracted
light from reaching the detector after it is reflected back
from the mirror. Figure 2 shows the experimental arrange-
ment. The small window apertures the reflected beam,
thereby removing the scattering from the pump and allow-
ing only the scattering from the probe to reach the detector.
The back-reflecting mirror was mounted on a five-axis
stage which allowed precise control of the sample-to-
mirror distance and therefore the time delay. The mirror
mount was equipped with fine pitch and yaw control which
allowed the back-reflected beam to be steered through the
very small opening (7.5 wm) of the sample window with
the mirror located many millimeters away, ensuring the
spatial overlap of the two passes of the beam at the sample
plane. This overlap was verified using beam-based align-
ment with the attenuated beam. The technique requires a
detector system that has a hole in the middle to let the
incident beam access the sample while covering the desired
solid angle. The detector system used was described in
detail in Ref. [15]. For very small distances Az, the solid
angle from the mirror through the sample window is larger,

and the diffracted light from the first and second irradiation
of the sample coherently combine giving rise to “‘dusty
mirror” interference rings [13]. These circular fringes were
observed for very short time delays here, when the mirror
and the sample were brought in contact with each other.
The radii of the circular fringes were used to precisely
calibrate the time delay with a few fs accuracy. For larger
distances Az, only the diffracted light from the second
irradiation is recorded since the back-reflected diffracted
beam is collimated within the central hole in the detector.
The time delay for larger sample-to-mirror distances,
where the Newton rings were not visible, was calculated
with high precision by simply knowing the mirror position
relative to the short time-delay position. Using small win-
dow sizes has the further advantages that the data analysis
is significantly simplified and that the overlap of the pump
and probe beam is ensured. The FEL-pump and FEL-probe
technique used here is currently the only method that
enables imaging of the sample during the course of the
explosion at a precise time point after x-ray excitation.
Hydrodynamic simulations indicate that the physics de-
scribing the macroscopic motion of spherical and planar
samples is equivalent. Samples for measuring the hydro-
dynamic explosion rate used here consisted of cylindrical
aluminum pillars deposited on 100 nm-thick silicon-nitride
membranes, spanning 7.5 um square windows etched into
a silicon wafer [see inset in Fig. 3(c)]. The membrane
windows were fabricated by lithographically defining
square-shaped holes on the backside of a Si;N,-coated
wafer, and removing the silicon anisotropically in a potas-
sium hydroxide (KOH) etch bath. The aluminum pillars
were fabricated using a lift-off process on electron-beam-
evaporated aluminum. The diameter of the aluminum pil-
lars was 200 nm and the height was 70 nm. Ten identical
aluminum pillars were positioned on each window in a
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FIG. 2 (color online). Scattering geometry of the one-color
pump-probe experiments. The FEL beam irradiates the sample,
initiating the reaction, and reflects from a normal-incidence
multilayer mirror back onto the sample [9]. The FEL beam
once again illuminates the sample with a time delay of Az =
2Az/c, probing the reaction. The prompt diffraction signal is
blocked using a small sample window. In this way only dif-
fracted light from the time-delayed sample is detected using a
charge-coupled device (CCD) on the left.
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predefined pattern within a 1.5 pm extent. This object size
was smaller than the determined 12-um full-width-at-half-
maximum (FWHM) FEL beam diameter in the focus of
beam line BL2 at FLASH [16] to ensure uniform intensity
across the sample. Some of the membranes were coated
with a 100 nm-thick silicon tamper layer which is optically
transparent at the probe wavelength (13.5 nm). This con-
figuration was selected to closely mimic the case of a hard-
XFEL imaging experiment of molecules embedded in a
tamper film, but on length scales that are accessible at
13.5 nm wavelength at FLASH.

Far-field diffraction patterns measured with and without
a tamper for time delays of 25 fs and 13.5 ps are shown in
Figs. 3(a) and 3(b). A circular pillar gives rise to a diffrac-
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FIG. 3 (color). Measured far-field diffraction patterns and re-
constructed structures. (a) Diffraction from the naked, untam-
pered sample (with an SEM picture on the left of the sample
before exposure), and (b) from the tampered sample. Arcs high-
light Airy-like diffraction minima in the measured data.
Contraction of the arcs indicates sample expansion. This is
significant in (a) and small in (b). (c) Difference images
(13.5 ps vs 25 fs) of reconstructed structures. Light colors
indicate significant density changes. The untampered sample
(left) shows large expansion, whereas the tampered sample
(right) shows minimal structural changes. The wavelength was
13.5 nm, the pulse length 25 fs, and the fluence 31 J/cm?.

tion pattern similar to Airy’s rings with the angular posi-
tions of intensity minima inversely proportional to the
pillar radius. In our experiment this single-pillar pattern
is modulated by speckles that encode the arrangement of
the identical pillars. The expansion of the pillars causes a
change in the Airy-like envelope of the diffraction pattern.
The diffraction patterns before the explosion are averages
over multiple low-fluence exposures during which the
sample did not change significantly (the ‘““unperturbed”
sample). We use these patterns as a basis for comparison.
The diffraction patterns with 13.5 ps time delay were
obtained from single-pulse high-fluence exposures. The
difference between tampered and untampered sample is
immediately apparent. With a tamper layer present, the
diffraction patterns of the low- and high-fluence exposures
are similar and the diffraction Airy-like minima are at simi-
lar positions. Without a tamper layer, the diffraction min-
ima have shifted to significantly smaller angles, indicating
that the aluminum pillars have expanded. Reconstruction
of the diffraction patterns using iterative phase retrieval
enables us to directly image the particle expansion. Image
reconstruction was carried out using iterative transform
phase retrieval techniques. We used the RAAR algorithm
[17,18] coupled with the SHRINKWRAP dynamic support
refinement algorithm [19]. The object is allowed to be
complex valued to take into account phase aberrations in
the illuminating beam and phase structure in the object.
Initial support was based on thresholding the object auto-
correlation, computed by the Fourier transform of the
measured diffraction pattern at a time delay of Ar =0,
and then allowed to evolve dynamically. The support con-
straint is calculated every 100 iterations by selecting pixels
with intensity values greater than 10% of the maximum
image intensity, after first blurring the image with a
Gaussian kernel. The algorithm was halted after 3000
iterations. A tight support was generated from the solution
which was obtained this way. The final solution is the
average of 100 separate solutions obtained from 100 ran-
dom phase starts using the tight support described above.
To assist in image reconstruction the solution and support
obtained for Az = 0 was used as an initial guess for phase
retrieval at longer time delays, and then allowed to evolve
into the solution for the delayed Az > 0 diffraction pattern
using the same algorithm and procedures described above.

Figure 3(c) shows the difference of reconstructed images
before and during the explosion, both with a tamper around
the aluminum pillars and without, giving even more de-
tailed information about the expansion process.

Analysis of the diffraction pattern minima with and
without a silicon tamper layer reveals further information
about the hydrodynamic explosion. Figure 4 shows the
resolution length d of the diffraction pattern minima as a
function of delay time for both cases. The resolution length
is related to the scattering vector length ¢ by d = 27/q,
with ¢ = 4msin(6/2)/ A, where A is the wavelength and 0
the scattering angle. Without a silicon tamper layer, d
drastically increases with increasing delay Ar = 2Az/c,
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FIG. 4 (color online). Positions of diffraction minima.
Resolution length of the first three Airy-like diffraction minima
(labeled #1, #2, and #3) of the aluminum pillars as a function of
delay and with and without tamper.

indicating that the pillar expands. With a silicon tamper
layer, the increase in d is much more modest. This experi-
ment demonstrates that a tamper layer ensures the integrity
of the sample for a period of at least 5 ps duration following
irradiation with a 25 fs-long 13.5 nm FEL pulse, which is
200X longer than the pulse duration.

These experimental results give a basis for estimating
the effect of a sacrificial tamper layer in biomolecular
imaging. When a hard x-ray FEL with a photon energy
of 8 keV irradiates a biological nanoparticle with a fluence
of 10'? photons per pulse focused to a 100 nm spot, each
nonhydrogen atom of the sample will absorb about one
x-ray photon on average. The highly energetic photoelec-
trons will escape from small samples, so that each ab-
sorbed x-ray photon contributes one Auger electron of
energy ~260 eV to heating the particle. In comparison,
the experiment at FLASH deposited ~450 eV /atom in the
aluminum pillars (as calculated for a beam diameter:
~12 um FWHM, average pulse energy: 24 *= 6.6 ulJ,
and cold opacities). The results show the tamper layer
effectively prevented hydrodynamic expansion of the alu-
minum pillars. After 10 ps, the expansion of the aluminum
pillars was less than 10 nm, so that simple linear scaling to
a pulse length of 25 fs may suggest that a tamper restrains
motion to about 1 A during a 25 fs pulse. Extrapolating to
the biological case above, a tamper may efficiently delay
hydrodynamic expansion of a 50 A diameter macromole-
cule on a time scale of 25 fs, which is a typical pulse length
expected on upcoming hard x-ray FELs.

A likely tamper candidate for biomolecules is water. It
has been used successfully in single-particle electron cry-
omicroscopy in the form of vitreous ice surrounding
macromolecules, viruses and other objects. In XFEL ex-
periments macromolecules could either be placed in a
sheet of ice, corresponding to the tamper sheet geometry
demonstrated here, or injected into vacuum in liquid drops
[20] which create a tamper layer around the molecule. An

alternative to water is the use of graphene sheets [21],
which can act as electron suppliers to quench the explosion
and reduce damage. These approaches are based on similar
principles, i.e., supplying electrons to neutralize an ionized
core combined with various degrees of inertial confine-
ment, and offer a means to delay the sample explosion.
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