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Extremely intense and ultrafast X-ray pulses from free-electron lasers offer unique 

opportunities to study fundamental aspects of complex transient phenomena in 

materials.  Ultrafast time-resolved methods usually require highly synchronized 

pulses to initiate a transition and then probe it at a precisely defined time delay.  In 

the X-ray regime, these methods are challenging since they require complex optical 

systems and diagnostics.  Here we propose and apply a simple holographic 

measurement scheme, inspired by Newton’s “dusty mirror” experiment1 to 

monitor the X-ray induced explosion of microscopic objects.  The sample is placed 

near an X-ray mirror, and after the pulse traverses the sample, triggering the 

reaction, it is reflected back on to the sample by the mirror to probe this reaction.  

The delay is encoded in the resulting diffraction pattern to an accuracy of 1 fs, and 

the sample depth is holographically recorded to sub-wavelength accuracy.  We 

apply the technique to monitor the dynamics of polystyrene spheres in intense FEL 

pulses, and observe an explosion occurring well after the initial pulse.  Our results 

support the notion that X-ray flash imaging2,3 can be used to achieve high 

resolution, beyond radiation damage limits for biological samples4.  With 

upcoming ultrafast X-ray sources we will be able to explore the three-dimensional 

dynamics of materials at interatomic lengthscales at the timescale of atomic 

motion. 

One of the earliest recorded observations of interference was made by Newton1 in 

the “dusty mirror” experiment. In a darkened room, Newton used a prism and a small 

hole in a screen to form a quasi-monochromatic beam from sunlight, which he shone 

onto a back-quicksilvered mirror.  The mirror was angled to return the beam back 

through the hole, and on the screen Newton observed dark and light rings of light, 

which he found “strange and surprising”. Newton determined that the squares of the 

diameters of the bright rings followed an integer progression and the diameters 

depended on the thickness of the glass; a front-surface metal mirror did not produce 
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these rings.  The ring phenomenon was later explained by Young5 as being caused by 

the interference at the screen between two paths of light scattering from dust particles 

on the mirror’s front surface: on one path the light scatters from a particle on its way in 

towards the mirror, after which it reflects from the silvered surface, and on the other, the 

light is first reflected from the silvered surface before scattering from this same particle 

only after emerging from the glass.  Such “diffusion rings” as they were known can be 

seen with white light and were a common bane of optical instruments well into the 

twentieth century, until the use of vacuum coatings6.   

Our experiment makes use of Newton’s geometry to follow the X-ray induced 

explosion of uniform polystyrene spheres in a FEL pulse, using a focused 25 fs pulse of 

32.5-nm wavelength light from the FLASH soft-X-ray laser7.  We placed 140-nm 

diameter spherical polystyrene particles on a 20-nm thick silicon nitride membrane that 

was mounted with a thin spacer in front of a multilayer mirror, this assembly resembling 

Newton’s dusty mirror.  Instead of a screen we used another plane mirror angled at 45° 

to reflect the interference pattern onto a back-illuminated CCD detector, as shown in 

Fig. 1.  Some interference patterns, recorded with single pulses of about 1.6×1012 

photons (or 10 μJ) are shown in Fig. 2.  Unlike the static conditions of Newton’s 

experiment, in our case the object is ultimately vaporized by the X-ray pulse and the 

object size changes in the brief interval that the pulse takes to reflect back to the 

particle, as depicted in Fig. 3.  (The normal-incidence mirror is also locally destroyed by 

the pulse energy, but not before reflecting the pulse8.) We can describe our interference 

pattern as an X-ray hologram, caused by the interference of a reference beam scattered 

from the known sphere on the first pass, and then scattered again from the unknown 

exploding sphere on the second pass.  This hologram encodes both the time delay and 

the structural change. 
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The delay time between the pumping and probing of the sphere by the FEL pulse 

depends on the distance l from the particles to the backing mirror, given simply as 

Δt = 2l / c , where c is the speed of light in a vacuum.  We used both a wedge-shaped 

spacing between the particle-coated membrane and the backing multilayer X-ray mirror, 

and a stair-stepped mirror, producing values of l varying between 30 μm and 1200 μm, 

corresponding to delays between 200 fs and 8 ps.  

There is no need to precisely measure the distance l, as this distance is encoded 

directly in the hologram.  The geometry of the dusty-mirror hologram can be easily 

understood by unfolding the optical train and considering path lengths of rays scattering 

from two particles separated longitudinally by 2l.  For a scattering angle θ, the path 

difference of these scattered rays (for the approximation of a detector at infinity) is 

2l (1− cosθ) ≈ lθ 2 .   In the forward direction (θ = 0) rays will add constructively if the 

object does not change during the delay.  Otherwise, if the optical path through the 

object does change during this interval, there will be a phase shift ϕ applied to the fringe 

pattern.  Each bright ring of the hologram counts another wavelength of path difference, 

so at the Nth bright ring we have lθ 2 + ϕ λ / (2π ) ≈ Nλ , in agreement with Newton’s 

observation when the object does not change (ϕ = 0).  From a measurement of the 

angles of the bright rings we can derive l and hence the delay 2l/c to an accuracy of 

about 1 fs, and we can determine ϕ to an accuracy of 3° for delays less than 1 ps (see 

Methods).   

We used this holographic set-up to investigate the explosion of spherical particles 

caused by a focused X-ray FEL pulse.  We wish to study the dynamics of material in the 

extreme conditions of intense FEL pulses, both during the pulse and as it turns into a 

plasma.  Models have been developed9-11 to predict the effects of intense X-ray pulses 

on materials and particles12, and to understand the resolution limitations of flash 

imaging3,12, the technological limitations of X-ray optics8, and the fundamental physics 
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of light-matter interactions13.  However, there has been no experimental validation of 

these models.  Indeed, there have been no structural methods to follow early steps in 

plasma formation.  Spherical particles are the simplest shape to consider for modelling 

the interaction dynamics and scattering of x-ray pulses, and they can be size selected to 

a very homogeneous distribution14 to give accurate scattering measurements.  In these 

experiments we focused 32.5 nm wavelength pulses of energies between 2 and 18 μJ to 

about a 20-μm Gaussian-profiled spot on the sample15.  The highest peak intensity was 

1014 W/cm2, more than 5,000 times the damage threshold of the latex particles16.  

Each hologram shown in Fig. 2 is the superposition of the time-delay holographic 

patterns of about 1000 quasi-identical latex spheres of diameter 140 nm, illuminated by 

the focused pulse.  Since the FEL pulse is almost completely transversely coherent, the 

superposition from the many spheres occurs coherently, and we observe speckle across 

the hologram.  Phase retrieval techniques17-19 could be used to reconstruct the positions 

of all the spheres.  To examine the dynamics we compare our holographic 

measurements at different delay times to simulations based on the propagation of the 

pulse through the object and subsequent hydrodynamic explosion from the absorbed 

energy as shown in Fig. 4 (a)-(c) (see Methods).  We observe that the hologram 

intensity envelope is unchanged for delays shorter than 1 ps (only the 0.5 ps curve is 

shown for these short delays) and becomes narrower with longer delays, indicating that 

the particle diameter begins to increase.  As shown in Fig. 4 (d), this narrowing of the 

structure factor is observed for delays longer than 3.8 ps, in agreement with our 

simulations that predict the transverse particle diameter has increased by 40% (60 nm) 

at 3.8 ps.   

At a delay of 500 fs, there is no observable change in the hologram intensity 

envelope, and we estimate that the spheres have not expanded by more than 20% of 

their transverse diameter, or 30 nm.   We have, however, a more sensitive measure of 
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the structural change of the particle: the holographically-determined phase shift, ϕ.  We 

observe an increase in ϕ with delay, for all but the lowest pulse fluences.  This is shown 

in Fig. 4 (e), indicating a larger optical path length through the exploding object 

compared to the reference.  Since at this wavelength the refractive index of latex is less 

than unity (equal to 0.87 at room temperature), this increase in optical path corresponds 

to a decrease in refracting material along the path as time progresses (or a change in 

refractive index towards unity).  We can simulate the phase shift of the exploding 

spheres from our hydrodynamic model.  This also shows an increase of ϕ with delay, 

primarily due to ball material expanding away in a transverse direction to the beam path 

(i.e. the projected mass is decreasing).  A 6-nm expansion in diameter gives a calculated 

5° phase shift, as observed at a 350 fs delay.   

A further factor is a change in refractive index following the cooling of electrons 

that were ionised from the atoms during the initial (holographic reference) pulse. Our 

hydrodynamic model predicts that the peak electron temperature of the spheres reaches 

105 K during the 1014 W/cm2 pulse.  Accurate calculations of refractive index for this 

degenerate “warm dense matter” regime13 are not available, and the observed phase 

shift could be due to a 1.5% increase in refractive index caused by the electron heating 

(the available models of high-temperature plasmas predict less than a 0.3% increase).  

The expansion of 6±3 nm at 350 fs delay is thus considered an upper bound of the 

explosion.  Extrapolating to the end of the pulse duration, we predict an explosion of no 

more than 0.4 nm during the pulse.  Thus, it appears feasible to overcome conventional 

radiation damage limits4 in soft-X-ray microscopy of cells20,21 with sufficiently short 

and intense X-ray FEL pulses2. 

Time-delay holography, inspired by Newton’s experiment, provides a simple 

method to achieve extremely high spatial and temporal resolution in a single image.  

The method is well suited to a wide range of short-pulse X-ray sources22-24, and could 
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be extended to hard-X-ray pulsed sources using a grazing-incidence geometry as well as 

to high-resolution experiments using ultrafast optical pump pulses25,26.  The coherence 

demands of the experiment are relatively modest, as Newton’s success attests.  The 

advantage of the almost complete spatial coherence of the X-ray FEL pulses is that 

holographic reconstructions over large fields of view will be possible, allowing us to 

examine the time evolution of complex geometries, to study shocks and crack 

formation, ablation, melting, plasma formation, ultrafast phase transitions, and non-

linear optical effects.  

Methods Summary 

Experiments were conducted at FLASH, the soft-X-ray FEL at DESY in Hamburg.   

The FEL pulses were focused to a 20-μm diameter beam on the dusty-mirror sample.  

The converging beam first passes through a hole in a flat mirror substrate that later 

reflects the scattered waves to interferometrically combine on a CCD detector.  The 

dusty mirrors consisted of size-selected polystyrene spheres placed onto silicon wafers 

arrayed with openings supporting thin silicon nitride membranes.  These were 

sandwiched against normal-incidence multilayer mirrors.   We obtained a range of time 

delay distances for various positions across the wafer by either setting the wafer at a 

small wedge angle to the mirror or by stacking a staircase of mirrors.  Single-pulse 

holograms were recorded at many positions across the wafer.  Holograms were sorted 

according to the measured pulse fluence (which has a large pulse to pulse variation due 

to the FEL Self Amplification of Spotaneous Emission process7).  From the fringe 

positions in the hologram we extracted the time delay to an accuracy of about 1 fs, and 

the change in forward-scattered particle phase shift to an accuracy of about 3° for delays 

shorter than 1 ps.  We compared the phase shift and hologram intensity envelope, 

defined as the mean of curves fitted through the maximum and minimum fringe 

intensities, to calculations obtained from a radiation hydrodynamics model.  The width 
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of the intensity envelope of the hologram depends inversely on the sphere width, so a 

narrowing of the envelope function indicates the sphere explosion.  

Full Methods 

Experiments were carried out at FLASH, the soft-X-ray FEL at DESY in Hamburg, 

under conditions previously reported3.  Compared with previous work the diffraction 

camera was rotated by 180° to admit the focused incident beam onto the sample through 

the detector mirror hole.  The detector accepts ±15°, allowing a hologram resolution of 

62 nm at 32.5 nm wavelength. 

“Dusty mirror” samples.  Polystyrene spheres (PostNova, Germany) were aerosolised 

by charge-reduction electrospray (TSI, model 3480), and selected with a differential 

mobility analyser (TSI, model 3936) to reduce the size distribution from 16% to less 

than 4% (as measured by soft-x-ray diffraction at the Advanced Light Source), prior to 

deposition onto the membrane14.  The substrate, which had several etched openings or 

“windows” that were 1.5 mm square and which supported the freestanding 20-nm thick 

silicon nitridre membrane, was manufactured at the Microfabrication Center at LLNL.  

This was then wedged against a single multilayer mirror or a stack of stepped mirrors, 

with the substrate’s nitride side facing the mirror.  The mirror assemblies gave a range 

of distances l between the spheres and the mirror and we selected different delay times 

by exposing different windows in the substrate.  We made assemblies for distances l 

from 30 μm to 1200 μm.  The largest wedge angle of the nitride substrate was 0.6°, 

which gives a spread of 0.7 fs in delay over the 20 μm width of the beam.  The sample 

backing multilayer mirror consisted of 50 Si/Mo/B4C trilayers and was designed for a 

peak reflectivity of 50% under normal incidence at a wavelength of 32.5 nm.  The peak 

reflectivity varied by less than 10% for an angle of incidence up to 15°. The pulse 

fluence was up to 50 times higher than the damage threshold of the backing mirror, and 

caused it to ablate, but not before the pulse was reflected8.  
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Holograms encode the delay time in the fringe pattern caused by the interference of the 

reference and object waves.  Constructive interference occurs at scattering angles θ 

according to 2l(1− cosθ) − 2l(1− cosα ) + ϕ λ / (2π ) = Nλ , for path differences N λ 

shorter than the coherence length, where ϕ is the phase shift of the object relative to the 

reference, α is the angle between the incident beam and mirror normal, and θ is the 

angle between the scattered beam and mirror normal.  The above equation is fit to the 

measured θ values of the bright rings to determine the quantities l and ϕ.  The angle α is 

determined from measurements with attenuated pulses (where damage to the sample 

does not occur and ϕ is zero) and was less than 0.8° for all mirror assemblies.  The 

accuracy to which we determine l is limited by the precision to which we can measure 

θ, given by Δl / l ≈ 2 Δθ /θ .  Through fitting, we determine the radius of the 

interference maxima to better than 1/10 the width of a pixel at angles corresponding to 

500 pixels on the CCD. This contribution to the error in l is therefore about 1 part in 

2500, or 0.2 fs for a 500 fs delay.  However, the sample to CCD distance is only known 

to 1 part in 500, which places a systematic error in the estimation of the angle θ, 

corresponding to a 1 fs temporal resolution on the 500 fs delay. This compares with an 

accuracy of less than 60 fs for state-of-the art timing diagnostics to synchronize an X-

ray beam to a laser beam27.   

The determination of the phase shift is independent of the CCD distance.  The 

accuracy for measuring ϕ  depends on the number of pixels spanning an entire fringe, 

which is greatest at the centre of the pattern.  However, the hole in our mirror prevents 

us from measuring the centre, so we determine the fringe shift for the observed fringes 

at q < 5 μm-1 to estimate the phase shift at q = 0.   We observe no dependence of phase 

shift on fringe number in this range, implying that the explosion is spherical over 

lengthscales larger than 200 nm.  We determined ϕ to an accuracy of about 3° for delays 

shorter than 1 ps.  At longer delays the error in ϕ increased in proportion to the delay, 

due to the decreasing fringe spacing with increasing delay.  As in interferometry, higher 
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accuracy of the phase measurement could be obtained by measuring the fringes in 

smaller intervals. 

There will be no interference for path differences N λ greater than the coherence 

length, which can be no longer than the 7.5-μm FEL pulse length (or a maximum of 230 

fringes).  The measured fringe visibility also depends on the CCD pixel width.  The 

fringe spacing decreases with N and intensity modulation is not observed when this 

spacing spans only a single pixel.  In our measurements we have observed a maximum 

of about 150 fringes, limited by the pixel width.  We define the hologram intensity 

envelope as the mean of curves fitted through the maximum and minimum fringe 

intensities, which is not dependent on the fringe visibility. 

Hydrodynamic simulations.  The light intensity distribution inside the polystyrene 

spheres was calculated using Mie theory28; this time-independent model is applicable 

since the time for the light to propagate through the sphere (approximately 2 fs) is much 

shorter than the pulse length (25 fs).  We based our estimate of the complex index of 

refraction on published room-temperature solid-density values29, and corrected for 

changes with temperature and density using an average ion model employing screened 

hydrogen potentials30.  We calculated the temperature and density of the sphere using 

the HYDRA radiation hydrodynamics code31.  This model accounts for radiation 

transport and electron thermal conduction.  The change in transverse sphere diameter, 

ΔD, projected along the ray direction z, is quantified as 

ΔD / 2 = (2π / m) r⊥
2ρ(r⊥ , z) dr⊥

0

∞

∫ dz
−∞

∞

∫ , where ρ is the sphere density, m its mass, and r⊥  

is the radial coordinate perpendicular to z.  Finally, the superposition of the far-field 

diffraction patterns of the undamaged sphere and of the exploded sphere was calculated 

using the Fresnel-Kirchhoff diffraction integral32.  This hologram is the product of the 

structure factors of the undamaged and damaged balls, modulated by the delay-encoding 

ring pattern. The width of the intensity envelope of the hologram depends inversely on 
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the sphere width, so a narrowing of the envelope function indicates the sphere 

explosion.  
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Figure 1. Schematic of the apparatus, similar to Newton’s dusty mirror 

experiment.  The incident FEL pulse from the left passes through a hole in a 

multilayer-coated detector mirror. The “dusty mirror” consists of particles on a 

20-nm thick silicon nitride membrane backed by a multilayer-coated plane 

mirror.  This returns the direct beam back through the hole in the detector 

mirror, which reflects the diffracted light onto a CCD detector. The prompt 

diffraction (blue, the reference wave) and delayed diffraction (red, the object 

wave) interfere to generate the hologram on the CCD detector.   

Figure 2. Time-delay X-ray holograms of 140-nm diameter polystyrene 

spheres.  The time delays were (a) 348±1 fs and (b) 733±2 fs.  The pulses 

were 32-nm wavelength, 25-fs duration with intensities (0.5±0.2)×1014 W/cm2.  

The intensities of the holograms are shown on a linear greyscale, to a half-width 

of 4.5 μm-1.  We derive the time delays and the change in optical path through 

the exploding particles from the fringe pattern.  The particle sizes are 

determined from the envelope of the intensity.   

Figure 3. Geometry for time-delay holography.  A pulse is incident (at an 

angle, for clarity) on a particle located a distance l from a mirror. (a) Time t = 0. 

(b) At time t = l / c the pulse and prompt diffraction have reached the mirror.  

The pulse length is much less than l.  (c) At time t = 2 l / c the pulse returns to 

the particle.  By this time the particle has undergone changes due to the initial 

interaction.  The mirror also explodes after it reflects the pulse, but this has no 

effect on the reflected pulse.  (d) The delayed diffraction (red) co-propagates 

with the prompt diffraction (blue) and these waves interfere at the detector (not 

shown).  (e) The geometry can be conceptually unfolded for easier analysis.  

Figure 4. Determination of the explosion of polystyrene spheres. (a)−(c) 

Simulated density profile of an initially uniform 140-nm diameter polystyrene ball 
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(black circle) irradiated by a 25 fs, 1014 W/cm2 soft-X-ray FEL pulse from the 

left, after 0.5, 0.9, and 3.2 ps.  (d) Measured (red) and simulated (blue) 

envelope of the hologram intensity as a function of momentum transfer 

q = (2 / λ) sin(θ / 2) , for three pulse delays and pulse intensities of (0.8±0.3)×1014 

W/cm2.  The narrowing of the envelope with time indicates a larger particle 

diameter, in agreement with the simulations.  (e) Average phase shifts, 

determined from 129 separate holograms measured at various delays and 

pulse intensities, as a function of delay.  The phase shifts were averaged over 

ranges of time delay (denoted by the horizontal error bars) and ranges of pulse 

intensity (indicated by the symbol colour).  Vertical error bars give one standard 

deviation in the phase shift.  Solid lines guide the eye.  Dashed lines are the 

phase shifts calculated from hydrodynamic simulations.  The approximate 

change in the ball diameter (ΔD) as obtained from the model is shown on the 

right-hand axis. 
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