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Investigating off‑Hugoniot states 
using multi‑layer ring‑up targets
D. McGonegle1*, P. G. Heighway1, M. Sliwa1, C. A. Bolme2, A. J. Comley3, 

L. E. Dresselhaus‑Marais4, A. Higginbotham5, A. J. Poole5, E. E. McBride6, B. Nagler6, 

I. Nam6, M. H. Seaberg6, B. A. Remington7, R. E. Rudd7, C. E. Wehrenberg7 & J. S. Wark1

Laser compression has long been used as a method to study solids at high pressure. This is commonly 
achieved by sandwiching a sample between two diamond anvils and using a ramped laser pulse 
to slowly compress the sample, while keeping it cool enough to stay below the melt curve. We 
demonstrate a different approach, using a multilayer ‘ring‑up’ target whereby laser‑ablation pressure 
compresses Pb up to 150 GPa while keeping it solid, over two times as high in pressure than where it 
would shock melt on the Hugoniot. We find that the efficiency of this approach compares favourably 
with the commonly used diamond sandwich technique and could be important for new facilities 
located at XFELs and synchrotrons which often have higher repetition rate, lower energy lasers which 
limits the achievable pressures that can be reached.

For the past century, there has been considerable interest in studying material properties at high  pressure1–6. 
Traditional static techniques for generating these states, such as using diamond anvil cells (DACs), are limited 
by the strength of the  diamonds7. While the use of double stage DACs has achieved pressures in excess of 1 TPa8, 
to reach higher pressures, laser compression is required. While much work has been done using lasers to shock 
materials, this process is highly entropic and will result in the sample being heated until eventually, the sample 
will melt. For most metals, this is usually below 300 GPa9–14. To push the pressure beyond this point, while keep-
ing the sample solid, ramp compression is required to keep the material closer to an isentrope. These techniques 
are often paired with in situ X-ray diffraction which provides measurements of density and structure, and which 
has previously been proven in laser-shock  experiments6,10,11,15–29.

The standard method to perform these high pressure diffraction measurements on quasi-isentropically com-
pressed material was developed by Rygg and  coworkers30, where they sandwiched a thin sample between two 
diamond anvils and then used a ramped laser pulse to slowly compress the sample over several nanoseconds. 
A quasi-monochromatic X-ray backlighter from a laser-plasma source could then be used to record X-ray dif-
fraction measurements at peak compression. This method has been used at the Omega laser  facility31 to ramp 
compress Al to 475 GPa32 and Mo, Sn and Fe–Si alloys to above 1 TPa33–35. While there has been significant 
success using this approach, the advent of X-ray Free Electron Lasers (XFELs) and in particular high energy 
density beamlines that pair these intense X-ray sources with nanosecond  lasers36–38, has sparked significant 
interest in performing ramp compression experiments using these  facilities39. To date, these FELs use much 
smaller optical lasers, but can still reach significant pressures, as the narrow X-ray beam (typically 10–50 μm) 
means that a much smaller volume of sample needs to be compressed. XFELs offer a number of benefits that 
make them attractive for these type of experiments. The smaller laser systems allow for much higher repetition 
rates, therefore greatly improving the amount of data that can be gathered. The high intensity and low bandwidth 
of the XFEL beam allow for the identification of highly complex structures, such as commensurate host-guest 
 phases10,40. Lastly, XFELs such the European XFEL and LCLS II will be able to reach very high photon energies 
(> 20 keV)39,41, which allows for much greater filtering to be used in front of detectors, reducing background 
caused by the ablation plasma from the drive laser and therefore increasing signal-to-noise, as well as allowing 
a greater volume of reciprocal space to be explored.
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These XFEL facilities present different challenges to their large laser facility counterparts. It is therefore rea-
sonable to assume that the diamond sandwich method, which was optimised for these larger facilities, may not 
be the only viable method for performing off-Hugoniot in situ X-ray diffraction at high pressure. In fact, at these 
smaller facilities, other techniques may present some advantages. Targets that could be easily mass produced 
cheaply would be better suited to high repetition rate facilities, where hundreds of targets may be required for 
a single shift.

We propose a ‘ring-up’ target, where our sample is sandwiched between two higher impedance anvils. This 
approach, which uses different shock impedance layers to break up a single large shock into several smaller 
shocks allowing for a cooler compression path, has been previously used in gas gun  experiments42,43. Simulation 
work by Aliverdiev and co-workers proposed that this approach could be miniaturised for laser experiments 
and suggested that by sandwiching a thin Al sample between two thicker Au anvils, off-Hugoniot Al could be 
created up to pressure of 1 TPa for a laser intensity of 1014 Wcm

−244. While the high impedance mismatch 
between the Al and Au results in a very efficient way to create high pressures in the Al, the large difference in 
atomic number between the two materials poses difficulties for an X-ray diffraction experiment, as any diffrac-
tion from the sample will be swamped by that of the anvils. Instead, we strike a balance between efficiency and 
signal-to-noise by choosing a Mo anvil and a Pb sample. This design also has some additional benefits for a proof 
of principle experiment. Firstly, Mo remains body-centred cubic (BCC) from ambient pressure to over 1 TPa33, 
which simplifies the analysis of the diffraction pattern. Secondly, Pb shock melts at the comparatively low pres-
sure of ~ 50–60 GPa45,46 and therefore we can readily test if we are generating off-Hugoniot states by observing 
diffraction from solid Pb well above this relatively low pressure.

The structure of the paper is as follows. In the next section we discuss simulating a shock propagating through 
the target using hydrocode simulations. We propose a model using a Mie-Grüneisen equation of state (EOS) to 
find the pressure and temperature of the Pb sample as it undergoes multiple reverberations. In the results section 
we discuss an experiment using a Pb ‘ring-up’ target carried out at the Matter in Extreme Conditions instrument 
(MEC) of the Linac Coherent Light Source (LCLS). In the discussion section we compare the efficiency of this 
design to diamond sandwich ramp targets and provide our conclusions. Finally in the methods section we discuss 
how the experiment was performed and how the targets were manufactured.

Simulations
To understand the interactions of the different reflections within the sample, the target was modelled using the 
1D hydrocode  HYADES47. The results of one such simulation are shown in Fig. 1. The effect of the multiple dif-
ferent impedance layers results in the incoming shock, formed as the pressure wave steepens up in the Kapton, 
being broken up into several smaller shocks by the time it reaches the Pb layer. Since the final temperature of 
the sample is dominated by the magnitude of the initial shock, this results in the sample taking a much cooler 
compression path. Additionally, at late time, we see a further compression of the sample. This occurs because 
after the shock wave travels from the first Mo layer into the epoxy, it creates a rarefaction wave that travels back 
through the Mo anvil and reflects off the Kapton ablator (H), causing an additional compression wave to travel 
through the target, significantly increasing the peak pressure (I).

Both the initial ‘ring-up’ and the additional compression can be explained by impedance matching using 
a Pressure-Particle Velocity (P-up ) diagram (shown in Fig. 2). After the initial shock wave travels through the 
Kapton (A), each layer will release into the next layer in the target. Depending on the impedance mismatch 
between the two layers (ie. whether the sample ‘rings up’ or ‘rings down’) the proceeding layer will either follow 

Figure 1.  A simulation of the ‘ring-up’ target performed by hydrodynamics code HYADES. The multiple layers 
of different impedances result in the shock in the ablator being broken up into several smaller shocks in the 
sample, causing it to follow a cooler compression path. Additionally, the sample undergoes a further increase 
in pressure due to a rarefaction wave, caused by the shock entering the epoxy layer from the front Mo anvil, 
reflecting off the compressed Kapton ablator and recompressing the sample. Labels A-I refer to different pressure 
states in various layers within the target.
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a secondary Hugoniot or a release isentrope (see Supplementary Materials). To find the pressure of the shock 
in the new layer, we find where this path crosses the Hugoniot of the next layer. By doing this for each layer (ie. 
travelling along the path A–B–C–D in Fig. 2), we can find the pressure of the initial shock in the Pb sample, as 
well as the pressure from the reflected shock from the rear Mo anvil (E). Note that if the target did not contain 
the epoxy layer, the initial shock would be significantly larger (D’). To find the pressure of the next ring of the 
Pb, we have to consider the interaction between this reflected shock and the reverberation between the epoxy 
layer and the front Mo anvil (F), found at position G. We can apply the same analysis to the rarefaction wave 
travelling back through the front Mo anvil as it reflects off the Kapton ablator (H). Finally, the reflected release 
wave in the front anvil and the reflected shock from the rear anvil interact to cause an additional compression 
(I). This final pressure is significantly larger than that attained in a Kapton-Pb shock target using the same laser 
drive (D”), suggesting that this multilayer technique may be useful for obtaining higher pressures at facilities 
where laser size or drive noise issues limit the achievable pressures.

Results
The experiment was performed at the MEC instrument of the LCLS. A schematic of the experimental setup is 
shown in Fig. 3. A Nd:glass laser was used to drive a shock through the multilayer target, with the XFEL pulse 
timed to probe the sample at a different time delay during each shot. Figure 4 shows an example of the diffrac-
tion recorded at peak compression, warped into spherical coordinates. Since the target contains both Pb and 
Mo layers, the data show two diffraction patterns from both materials. However, while the Pb layer is relatively 

Figure 2.  The initial and final pressures in the Pb can be calculated using an impedance matching diagram. 
The addition of an extra Pb Hugoniot and release isentrope can account for the extra compression due to 
the reflected release wave recompressing the sample. Labels A-I refer to the P-up states calculated for the 
corresponding sections in Fig. 1.

(a) (b)

Figure 3.  (a) A diagram showing the experimental setup. A shock wave is driven by laser ablation into the 
target package (inset). The shocked sample is interrogated by an X-ray beam, with the resulting diffraction 
captured on CSPAD detectors. VISAR is used to record the rear surface velocity and breakout time. (b) A typical 
laser pulse.
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untextured, the Mo was chosen to have a strong texture that does not change significantly under compression, 
allowing for the two diffraction patterns to be distinguished. By removing highly textured areas (see Supplemen-
tary Materials), we produce integrated diffraction profiles where the effect from the anvil diffraction is greatly 
reduced, thereby making the diffraction profiles from the relatively untextured sample significantly clearer. 
Figure 5 shows a summary of the data for the same laser intensity at different time delays. While the analysis 
above had assumed a steady laser drive, the drive profile used in the experiment exhibited a ramp towards 

Figure 4.  Diffraction data (shown on a log scale) taken at peak compression, warped into spherical coordinates. 
The highly textured diffraction is from the Mo anvils, whereas the azimuthally more uniform diffraction is from 
BCC Pb at 150 GPa (labelled in white).

Figure 5.  Integrated diffraction profiles recorded at a number of different delays with respect to the breakout 
of the shock in the rear anvil. Highly textured areas are removed from the integration to reduce the impact 
of the anvils on the integration, thereby making the diffraction profiles from the relatively untextured sample 
clearer. The peaks labelled with upward and downward facing triangles correspond to ambient face-centred 
cubic (FCC) Pb and BCC Mo respectively. Just before and after shock breakout of the rear anvil, BCC Pb lines 
appear (stars), corresponding to V/V0 of 0.636 ± 0.006 and 0.548 ± 0.004 respectively. At late times, a triplet 
of lines appear (circles) that corresponds to hexagonal close-packed (HCP) Pb with V/V0 = 0.865 ± 0.02 and 
c/a = 1.65 ± 0.02.
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the end of the pulse that complicated the analysis. HYADES simulations using laser pulses captured from the 
experiment were compared with rear surface velocity measurements from VISAR to derive the initial shock and 
peak pressures reached in the Pb sample layer, which were 19.5 ± 6.5 GPa and 150 ± 10 GPa respectively (see 
Supplementary Materials).

To estimate how far below the Hugoniot temperature the sample might be, we present a theoretical Pres-
sure-Temperature (P-T) diagram using a Mie-Grüneisen equation of state. By using the impedance matching 
approach described in the previous section, we can find the pressure of the second and third shock in the Pb 
given an initial shock of 19.5 GPa and then approximate the complex interactions of the subsequent rings and 
the ramping up of the laser pulse as an isentropic compression up to 150 GPa (see Supplementary Materials). 
This results in a predicted peak volumetric compression (V/V0) of 0.543 ± 0.01 , which agrees well with the 
experimentally observed value obtained via diffraction of 0.548 ± 0.004 , giving us confidence in this technique. 
The corresponding temperature increases are found by modifying an equation given by  Meyers48 to be valid for 
reshocked states (see Supplementary Materials). While this approach ignores other energy sources and sinks 
(such as phase transitions), they are expected to be small compared with other sources of error and therefore can 
be neglected. Figure 6 shows the different P-T conditions after each successive shock, as well as the final state at 
maximum compression (cyan line). This is not only much lower in temperature than the theoretical Hugoniot 
(given by a Mie-Grüneisen equation of state), shown in blue, but is also significantly lower than the green-dashed 
line representing the achievable P-T states created by using a square laser pulse to shock compress a ‘ring-up’ 
target, suggesting that it may be possible to create solid matter at pressures even higher than the ~ 200 GPa 
limit predicted for flat laser pulses. Note that while the ramped laser pulse does provide some off-Hugoniot 
compression, the majority of the temperature decrease is from the reverberations in the ‘ring-up’ target and that 
the ramped pulse itself would not provide a cool enough compression path for the Pb to reach 150 GPa without 
melting (see Supplementary Materials). 

Discussion
To test the benefits of this design, we compared its performance to that of a diamond sandwich ramp target, via 
HYADES simulations. The dimensions of the target were chosen based on previous designs used in experiments 
investigating ramp compressed Sn and Mo performed by Lazicki and Wang  respectively33,34. The design consists 
of a 20 μm diamond ablator/pusher a 1.5 μm Pb sample and a 40 μm diamond window. The laser pulse used was 
a concave ramp (designed to compress the Pb over 1 ns ), followed by a 1 ns hold. Examples of pulses used are 
shown in Supplementary Fig. S4.

While the ‘ring-up’ targets were designed to reach off-Hugoniot states without the need of a ramped laser 
pulse, as alluded to in the previous section, there may be benefits in combining these two techniques. It is often 
difficult to ramp compress plastic ablators, due to their high compressibility requiring very long pulses to prevent 
shocking up of the ramp within the ablator. One way to overcome this is by initially shocking the Kapton and then 
ramp compressing. This is often undesirable as it requires a relatively large initial shock to increase the stiffness of 
the Kapton, leading to a high initial shock in the sample (due to impedance mismatching), resulting in a higher 
final temperature. However, as we have demonstrated above, even with a relatively large shock in the ablator, 

Figure 6.  A theoretical P-T plot using a Mie–Grüneisen equation of state for the first, second, third shocks 
and final state of the Pb sample is shown in cyan. The theoretical Hugoniot temperature for the same EOS is 
shown in blue, while the melt curve and equilibrium phase boundaries given by  Dewaele45 are shown in dashed 
red and dashed black respectively. The loci of final P-T states in the Pb sample using this ‘ring-up’ target design 
achievable with a single shock is shown in dashed green.
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the Pb sample is kept cool enough to remain solid. This allows the target to subsequently be ramp compressed, 
greatly increasing the pressure in the sample while only resulting in a relatively small increase in temperature.

Depending on the type of experimental facility, peak intensity, peak power and total energy of the drive 
laser can be the limiting factors that prevent one reaching higher pressures. Figure 7 shows a comparison of the 
efficiency of the different designs for each of the three parameters. For the case of peak intensity, the pressure 
reached is independent of the total size of the target, whereas for both power and energy comparisons the total 
size of the target is important as it will affect both the required spot size and pulse length of the drive laser. To 
ensure that despite transverse release there is a large enough region of the sample at uniform pressure to use rear 
surface velocimetry for pressure  determination49, we have chosen the spots size to be twice the total thickness of 
the target package + 100 μm (ie. 253 μm and 223 μm for the ‘ring-up’ and diamond sandwich targets respectively). 
We find that the ‘ring-up’ targets are significantly more efficient in terms of intensity and power (by almost an 
order of magnitude), whilst also being comparable with the diamond sandwich targets in terms of total energy. 
Note that this comparison slightly overestimates the performance of the diamond ramp targets, since most 
laser systems include a frequency doubling or tripling crystal, whose conversion efficiency is greatly decreased 
during the low intensity initial part of the ramp. While ‘ring-up’ targets will produce higher temperature states 
than diamond sandwich targets for a given pressure, only points below the Pb melt curve are included in Fig. 7. 

Figure 7.  A comparison of how the required: (a) intensity, (b) power and (c) energy varies with peak pressure, 
for different target/pulse shape types. Only points below the Pb melt curve are shown.
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Accurately measuring this temperature difference due to different compression paths remains experimentally 
challenging and highlights the importance of the development of in situ temperature diagnostics.

Given these advantages, we believe these targets are well suited to new high repetition rate facilities such as 
the European XFEL and LCLS II. This design is significantly cheaper than diamond sandwich targets and could 
be scaled up to meet the large target requirements of these new repetition rate facilities. We envision that these 
targets could be used to complement diffraction studies using diamond sandwich ramp targets, with the ‘ring-up’ 
targets used to perform large phase diagram scans, while a smaller number of diamond targets could be used for 
structure and phase boundary identification. Note that while the data we have presented is at relatively modest 
pressure, for materials with a higher melting point, much larger compressions are achievable. For example, using 
this technique with a Fe sample would allow for pressures of above 500 GPa to be reached.

In conclusion, we have demonstrated off-Hugoniot compression of Pb through laser shocking a multi-layer 
‘ring-up’ target. Using this design, we reached a pressure of approximately 150 GPa while keeping the Pb solid. 
By exploiting the difference in texture between the sample and anvils, we are able to distinguish between the 
two diffraction patterns, allowing for the removal of signal from the anvils. Lastly, we have demonstrated that 
this approach offers the opportunity to reach higher pressures for a given laser intensity and integrated energy.

Methods
The experiments were performed at the MEC instrument of the Linac Coherent Light Source (LCLS). A 25 J, 
2 ω 15 ns ramped laser pulse was used to dynamically compress the ablator of the target. The drive beam spot 
was a 250 μm-diameter super-Gaussian, achieved through the use of hybrid phase plates. After a set delay, a 
35 μm-diameter 11 keV (0.2% bandwidth) X-ray beam with a 50 fs pulse length was used to interrogate the 
sample, with the resulting diffraction pattern captured on CSPAD  detectors50. VISAR was used to determine the 
breakout time of the free surface and therefore help with timing the X-ray delay to probe the sample at maximum 
compression. Powder samples of CeO2 and LaB6 X-ray standards were used to calibrate the positions and tilts 
of the detectors and a fluorescent YAG (Yttrium Aluminium Garnet) sample was loaded in order to align the 
drive lasers with the VISAR laser.

The samples were prepared by first depositing a 1.5 ± 0.1 μm Pb layer on a 10 ± 1.5 μm Mo rolled foil. This 
was then glued to another 10 ± 1.5 μm Mo rolled foil, using a plastic spacer to ensure a consistent 5 ± 1 μm epoxy 
layer. A 50 ± 5 μm Kapton ablator was then attached to the second Mo foil.

Received: 4 April 2019; Accepted: 29 May 2020

References
 1. Bridgman, P. W. The compression of 39 substances to 100,000 kg/cm2 . In Proc. Am. Acad. Arts Sci., vol. 76, 55–70 (JSTOR, 1948).
 2. Rice, M. H., McQueen, R. G. & Walsh, J. M. Compression of solids by strong shock waves. Solid State Phys. 6, 1–63. https ://doi.

org/10.1016/S0081 -1947(08)60724 -9 (1958).
 3. Jamieson, J. C. & Lawson, A. W. X-ray diffraction studies in the 100 Kilobar pressure range. J. Appl. Phys. 33, 776. https ://doi.

org/10.1063/1.17771 67 (1962).
 4. Duvall, G. E. & Fowles, G. R. Shock waves. In High Pressure Physics and Chemistry Vol. 2 (ed. Bradley, R. S.) 209 (Academic Press, 

London, 1963).
 5. Davison, L. & Graham, R. Shock compression of solids. Phys. Rep. 55, 255–379. https ://doi.org/10.1016/0370-1573(79)90026 -7 

(1979).
 6. Kalantar, D. H. et al. Direct observation of the α-ǫ transition in shock-compressed iron via nanosecond x-ray diffraction. Phys. 

Rev. Lett. 95, 1–4. https ://doi.org/10.1103/PhysR evLet t.95.07550 2 (2005).
 7. Clark, S. J., Ackland, G. J. & Crain, J. Theoretical stability limit of diamond at ultrahigh pressure. Phys. Rev. B 52, 15035–15038. 

https ://doi.org/10.1103/PhysR evB.52.15035  (1995).
 8. Dubrovinskaia, N. et al. Terapascal static pressure generation with ultrahigh yield strength nanodiamond. Sci. Adv.https ://doi.

org/10.1016/j.tetle t.2011.12.065 (2016).
 9. Dai, C., Tan, H. & Geng, H. Model for assessing the melting on Hugoniots of metals: Al, Pb, Cu, Mo, Fe, and U. J. Appl. Phys. 92, 

5019–5026. https ://doi.org/10.1063/1.15105 61 (2002).
 10. Briggs, R. et al. Ultrafast x-ray diffraction studies of the phase transitions and equation of state of scandium shock compressed to 

82 GPa. Phys. Rev. Lett. 118, 025501. https ://doi.org/10.1103/PhysR evLet t.118.02550 1 (2017).
 11. Gorman, M. G. et al. Femtosecond diffraction studies of solid and liquid phase changes in shock-compressed bismuth. Sci. Rep. 

8, 16927. https ://doi.org/10.1038/s4159 8-018-35260 -3 (2018).
 12. Coleman, A. L. et al. Identification of phase transitions and metastability in dynamically compressed antimony using ultrafast 

x-ray diffraction. Phys. Rev. Lett. 122, 255704. https ://doi.org/10.1103/PhysR evLet t.122.25570 4 (2019).
 13. Briggs, R. et al. Measurement of body-centered cubic gold and melting under shock compression. Phys. Rev. Lett. 123, 045701. 

https ://doi.org/10.1103/PhysR evLet t.123.04570 1 (2019).
 14. Sharma, S. M. et al. Structural transformation and melting in gold shock compressed to 355 GPa. Phys. Rev. Lett. 123, 045702. 

https ://doi.org/10.1103/PhysR evLet t.123.04570 2 (2019).
 15. Wark, J. S., Riley, D., Woolsey, N. C., Keihn, G. & Whitlock, R. R. Direct measurements of compressive and tensile strain during 

shock breakout by use of subnanosecond x-ray diffraction. J. Appl. Phys. 68, 4531. https ://doi.org/10.1063/1.34615 8 (1990).
 16. Whitlock, R. R. & Wark, J. S. Orthogonal strains and onset of plasticity in shocked LiF crystals. Phys. Rev. B 52, 8–11. https ://doi.

org/10.1103/PhysR evB.52.8 (1995).
 17. Kalantar, D. H. et al. Transient x-ray diffraction used to diagnose shock compressed Si crystals on the Nova laser. Rev. Sci. Instrum. 

70, 629. https ://doi.org/10.1063/1.11493 84 (1999).
 18. Hawreliak, J. et al. In situ x-ray diffraction measurements of the c/a ratio in the high-pressure ǫ phase of shock-compressed poly-

crystalline iron. Phys. Rev. B 83, 1–6. https ://doi.org/10.1103/PhysR evB.83.14411 4 (2011).
 19. Murphy, W. J. et al. The strength of single crystal copper under uniaxial shock compression at 100 GPa. J. Phys. Condens. Matter 

22, 065404. https ://doi.org/10.1088/0953-8984/22/6/06540 4 (2010).

https://doi.org/10.1016/S0081-1947(08)60724-9
https://doi.org/10.1016/S0081-1947(08)60724-9
https://doi.org/10.1063/1.1777167
https://doi.org/10.1063/1.1777167
https://doi.org/10.1016/0370-1573(79)90026-7
https://doi.org/10.1103/PhysRevLett.95.075502
https://doi.org/10.1103/PhysRevB.52.15035
https://doi.org/10.1016/j.tetlet.2011.12.065
https://doi.org/10.1016/j.tetlet.2011.12.065
https://doi.org/10.1063/1.1510561
https://doi.org/10.1103/PhysRevLett.118.025501
https://doi.org/10.1038/s41598-018-35260-3
https://doi.org/10.1103/PhysRevLett.122.255704
https://doi.org/10.1103/PhysRevLett.123.045701
https://doi.org/10.1103/PhysRevLett.123.045702
https://doi.org/10.1063/1.346158
https://doi.org/10.1103/PhysRevB.52.8
https://doi.org/10.1103/PhysRevB.52.8
https://doi.org/10.1063/1.1149384
https://doi.org/10.1103/PhysRevB.83.144114
https://doi.org/10.1088/0953-8984/22/6/065404


8

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:13172  | https://doi.org/10.1038/s41598-020-68544-8

www.nature.com/scientificreports/

 20. Suggit, M. J. et al. Nanosecond white-light Laue diffraction measurements of dislocation microstructure in shock-compressed 
single-crystal copper. Nat. Commun. 3, 1224. https ://doi.org/10.1038/ncomm s2225  (2012).

 21. Comley, A. J. et al. Strength of shock-loaded single-crystal tantalum [100] determined using in situ broadband x-ray Laue diffrac-
tion. Phys. Rev. Lett. 110, 115501. https ://doi.org/10.1103/PhysR evLet t.110.11550 1 (2013).

 22. Wang, J. et al. X-ray diffraction of molybdenum under shock compression to 450 GPa. Phys. Rev. B 92, 174114. https ://doi.
org/10.1103/PhysR evB.92.17411 4 (2015).

 23. Higginbotham, A. et al. Inelastic response of silicon to shock compression. Sci. Rep. 6, 24211. https ://doi.org/10.1038/srep2 4211 
(2016).

 24. Swinburne, T. D. et al. Picosecond dynamics of a shock-driven displacive phase transformation in Zr. Phys. Rev. B 93, 144119. 
https ://doi.org/10.1103/PhysR evB.93.14411 9 (2016).

 25. Kraus, D. et al. Nanosecond formation of diamond and lonsdaleite by shock compression of graphite. Nat. Commun. 7, 10970. 
https ://doi.org/10.1038/ncomm s1097 0 (2016).

 26. Gleason, A. E. et al. Time-resolved diffraction of shock-released SiO2 and diaplectic glass formation. Nat. Commun. 8, 1481. https 
://doi.org/10.1038/s4146 7-017-01791 -y (2017).

 27. Kraus, D. et al. Formation of diamonds in laser-compressed hydrocarbons at planetary interior conditions. Nat. Astron. 1, 606 
(2017).

 28. Wehrenberg, C. E. et al. In situ X-ray diffraction measurement of shock-wave-driven twinning and lattice dynamics. Nature 550, 
496–499. https ://doi.org/10.1038/natur e2406 1 (2017).

 29. McBride, E. E. et al. Phase transition lowering in dynamically compressed silicon. Nat. Phys.https ://doi.org/10.1038/s4156 7-018-
0290-x (2018).

 30. Rygg, J. R. et al. Powder diffraction from solids in the terapascal regime. Rev. Sci. Instrum. 83, 113904. https ://doi.
org/10.1063/1.47664 64 (2012).

 31. Boehly, T. R. et al. Initial performance results of the OMEGA laser system. Opt. Commun. 133, 495–506. https ://doi.org/10.1016/
S0030 -4018(96)00325 -2 (1997).

 32. Polsin, D. N. et al. X-ray diffraction of ramp-compressed aluminum to 475 GPa. Phys. Plasmas 25, 082709. https ://doi.
org/10.1063/1.50320 95 (2018).

 33. Wang, J. et al. X-ray diffraction of molybdenum under ramp compression to 1 TPa. Phys. Rev. B 94, 104102. https ://doi.org/10.1103/
PhysR evB.94.10410 2 (2016).

 34. Lazicki, A. et al. X-ray diffraction of solid tin to 1.2 TPa. Phys. Rev. Lett. 115, 075502. https ://doi.org/10.1103/PhysR evLet 
t.115.07550 2 (2015).

 35. Wicks, J. K. et al. Crystal structure and equation of state of Fe–Si alloys at super-Earth core conditions. Sci. Adv. 4, eaao5864. https 
://doi.org/10.1126/sciad v.aao58 64 (2018).

 36. Nagler, B. et al. The matter in extreme conditions instrument at the Linac coherent light source. J. Synchrotron Radiat. 22, 520–525. 
https ://doi.org/10.1107/S1600 57751 50048 65 (2015).

 37. Ishikawa, T. et al. A compact X-ray free-electron laser emitting in the sub-ångström region. Nat. Photonics 6, 540–544. https ://doi.
org/10.1038/nphot on.2012.141 (2012).

 38. Tono, K. et al. Beamline, experimental stations and photon beam diagnostics for the hard x-ray free electron laser of SACLA. New 
J. Phys.https ://doi.org/10.1088/1367-2630/15/8/08303 5 (2013).

 39. Zastrau, U. et al. Conceptual Design Report: Dynamic Laser Compression Experiments at the HED Instrument of European XFEL 
(2017).

 40. Coleman, A. L. et al. Identification of phase transitions and metastability in dynamically-compressed antimony using ultra-fast 
X-ray diffraction. Phys. Rev. Lett. 122, 255704 (2018).

 41. Stohr, J. Linac Coherent Light Source II (LCLS-II) Conceptual Design Report. Technical Report. SLAC National Accelerator 
Laboratory (SLAC), Menlo Park, CA (United States) (2011). https ://doi.org/10.2172/10294 79.

 42. Nesterenko, V. F. Transformation of shocks in laminated and porous materials. In Dynamics of Heterogeneous Materials (ed. Nes-
terenko, V. F.) (Springer, New York, 2001). https ://doi.org/10.1007/978-1-4757-3524-6_3.

 43. Martin, L. P., Patterson, J. R., Orlikowski, D. & Nguyen, J. H. Application of tape-cast graded impedance impactors for light-gas 
gun experiments. J. Appl. Phys.https ://doi.org/10.1063/1.27560 58 (2007).

 44. Aliverdiev, A. A. et al. Use of multilayer targets for achieving off-Hugoniot states. Phys. Rev. E 89, 053101. https ://doi.org/10.1103/
PhysR evE.89.05310 1 (2014).

 45. Dewaele, A., Mezouar, M., Guignot, N. & Loubeyre, P. Melting of lead under high pressure studied using second-scale time-resolved 
x-ray diffraction. Phys. Rev. B 76, 144106. https ://doi.org/10.1103/PhysR evB.76.14410 6 (2007).

 46. Song, P. & Cai, L. Multiphase equation of state for lead. Phys. B Condens. Matter 405, 1509–1512. https ://doi.org/10.1016/j.physb 
.2009.12.030 (2010).

 47. Larsen, J. T. & Lane, S. M. HYADES-A plasma hydrodynamics code for dense plasma studies. J. Quant. Spectrosc. Radiat. Transf. 
51, 179–186. https ://doi.org/10.1016/0022-4073(94)90078 -7 (1994).

 48. Meyers, M. A. Dynamic Behavior of Materials (Wiley, Hoboken, 1994).
 49. Barker, L. M. Laser interferometer for measuring high velocities of any reflecting surface. J. Appl. Phys. 43, 4669. https ://doi.

org/10.1063/1.16609 86 (1972).
 50. Herrmann, S. et al. CSPAD-140k A versatile detector for LCLS experiments. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. 

Spectrom. Detect. Assoc. Equip. 718, 550–553. https ://doi.org/10.1016/j.nima.2013.01.057 (2013).

Acknowledgements
D.M. and M.Sl. were supported by LLNS under Contracts No. B595954 and No. B609694, respectively. J.S.W. is 
grateful to the UK EPSRC for support under Grant No. EP/J017256/1. A.J.P. gratefully acknowledges support 
from AWE. This work was supported by the DOE Office of Science, Fusion Energy Science under FWP 100182. 
This work was supported by the Department of Energy, Laboratory Directed Research and Development program 
at SLAC National Accelerator Laboratory, under contract DE-AC02-76SF00515 and as part of the Panofsky Fel-
lowship awarded to E.E.M. Use of the Linac Coherent Light Source (LCLS), SLAC National Accelerator Labora-
tory, is supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences under 
Contract No. DE-AC02-76SF00515. The MEC instrument is supported by the U.S. Department of Energy, Office 
of Science, Office of Fusion Energy Sciences under Contract No. SF00515. This material is based upon work 
supported by the U.S. Department of Energy, Office of Science, Office of Fusion Energy Sciences, under Award 
No. DE-SCW-1507. This work was performed in part under the auspices of the U.S. Department of Energy by 
Lawrence Livermore National Laboratory under Contract No. DE-AC52-07NA27344.

https://doi.org/10.1038/ncomms2225
https://doi.org/10.1103/PhysRevLett.110.115501
https://doi.org/10.1103/PhysRevB.92.174114
https://doi.org/10.1103/PhysRevB.92.174114
https://doi.org/10.1038/srep24211
https://doi.org/10.1103/PhysRevB.93.144119
https://doi.org/10.1038/ncomms10970
https://doi.org/10.1038/s41467-017-01791-y
https://doi.org/10.1038/s41467-017-01791-y
https://doi.org/10.1038/nature24061
https://doi.org/10.1038/s41567-018-0290-x
https://doi.org/10.1038/s41567-018-0290-x
https://doi.org/10.1063/1.4766464
https://doi.org/10.1063/1.4766464
https://doi.org/10.1016/S0030-4018(96)00325-2
https://doi.org/10.1016/S0030-4018(96)00325-2
https://doi.org/10.1063/1.5032095
https://doi.org/10.1063/1.5032095
https://doi.org/10.1103/PhysRevB.94.104102
https://doi.org/10.1103/PhysRevB.94.104102
https://doi.org/10.1103/PhysRevLett.115.075502
https://doi.org/10.1103/PhysRevLett.115.075502
https://doi.org/10.1126/sciadv.aao5864
https://doi.org/10.1126/sciadv.aao5864
https://doi.org/10.1107/S1600577515004865
https://doi.org/10.1038/nphoton.2012.141
https://doi.org/10.1038/nphoton.2012.141
https://doi.org/10.1088/1367-2630/15/8/083035
https://doi.org/10.2172/1029479
https://doi.org/10.1007/978-1-4757-3524-6_3
https://doi.org/10.1063/1.2756058
https://doi.org/10.1103/PhysRevE.89.053101
https://doi.org/10.1103/PhysRevE.89.053101
https://doi.org/10.1103/PhysRevB.76.144106
https://doi.org/10.1016/j.physb.2009.12.030
https://doi.org/10.1016/j.physb.2009.12.030
https://doi.org/10.1016/0022-4073(94)90078-7
https://doi.org/10.1063/1.1660986
https://doi.org/10.1063/1.1660986
https://doi.org/10.1016/j.nima.2013.01.057


9

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:13172  | https://doi.org/10.1038/s41598-020-68544-8

www.nature.com/scientificreports/

Author contributions
P.G.H., M.Sl., C.A.B., A.J.C., L.E.D.-M., A.H., A.J.P., E.E.M. and R.E.R. participated in the experiment, contrib-
uted to the data analysis and interpretation. B.N., I.N. and M.H.S. participated in the experiment as instrument 
scientists at MEC. B.A.R. contributed to the data analysis and interpretation. C.E.W. oversaw the construction of 
the targets, participated in the experiment, contributed to the data analysis and interpretation. J.S.W. participated 
in the experiment, helped with the data analysis and writing the paper. D.M. took a lead role in the experiment, 
analysis of the data, simulations and writing of the paper.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-68544 -8.

Correspondence and requests for materials should be addressed to D.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-68544-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Investigating off-Hugoniot states using multi-layer ring-up targets
	Anchor 2
	Anchor 3
	Simulations
	Results
	Discussion
	Methods
	References
	Acknowledgements


