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Introduction 

Laser Wakefield Accelerators (LWFAs) have been intensively 

studied in recent years as a compact alternative to conventional 

accelerator technology. They have been shown to produce 

electron beams with energy spreads of a few percent [1,2,3] and 

electron beams are now routinely accelerated to 1 GeV in 

plasma lengths of approximately 1 cm [4,5,6]. This corresponds 

to an accelerating gradient one thousand times higher than 

found in a radio-frequency accelerator [7], which is one of the 

greatest advantages of this technology. LWFAs have also been 

demonstrated as sources of hard, bright x-rays [8], referred to as 

‘betatron radiation’, with intensity high enough for single shot 

imaging. The x-ray beam produced is very broadband [9,10] 

with duration at the few fs level [11] which makes this a very 

interesting source for applications. The micron scale source size 

permits high resolution imaging in a compact geometry. In 

addition it means that propagation based phase contrast imaging 

of samples can be performed as has been demonstrated in Refs.  

[12,13]. Previous betatron imaging experiments have imaged 

only static objects [14,15] and therefore have not taken 

advantage of the ultrashort temporal nature of this source.  

Here we present results from a proof of principle experiment on 

imaging laser driven shock waves in silicon, demonstrating that 

this source can be used to temporally resolve physics that would 

previously have required a considerably much larger and more 

expensive accelerator. Indeed a similar shock imaging 

experiment has recently been performed at the Linac Coherent 

Light Source x-ray free electron laser [18]. This work shows 

that the betatron radiation source has the potential to bring sub-

surface shock physics measurements such as this down to the 

university laboratory scale.  

Generation of Betatron Radiation 

When a short (cτ < λp), relativistically intense laser pulse 

propagates through a plasma it drives a nonlinear plasma 

oscillation in its wake, a ‘wakefield’. For normalised vector 

potentials a0 > 4 this wakefield takes the form of a single, 

almost spherical bubble that is completely devoid of electrons 

[16,17] with accelerating fields on the order of 100 GV/m. This 

regime can be reached using laser pulses with a0 < 4 due to self-

focussing and self-compression of the pulse within the plasma.  

Electrons injected in to this bubble off-axis (or with transverse 

momentum) experience a linear restoring force towards the axis 

and oscillate within the bubble structure at the betatron 

frequency ωβ = ωp/√(2γe,z), where ωp is the nonrelativistic 

plasma frequency and γe,z is the electron gamma factor in the 

longitudinal direction. These oscillations emit radiation which is 

frequency boosted in the lab frame by a factor of 2γe,z
2, which is 

in the hard x-ray region of the spectrum for 100’s MeV 

electrons. For typical experimental parameters used in LWFA 

experiments the undulator parameter K = γkβrβ >> 1 meaning 

that this radiation is broadband. kβ is the spatial frequency of 

betatron oscillations and rβ is the betatron oscillation radius. 

The spectrum of radiation is well approximated by the on-axis 

synchrotron spectrum [9,10] given in equation 1. The critical 

energy Ec is given in equation 2 and is the energy above and 

below which half of the energy in the angularly integrated 

spectrum is contained.  

 

 

 

Measured Properties of the Betatron Source 

This x-ray source was characterised using the setup shown in 

Fig. 1. The drive laser was the Gemini South beam. (12.2 ± 0.3) 

J was delivered to the gas target in a 45 fs FWHM pulse, with a 

central wavelength of 800nm. An f/20 off-axis parabolic mirror 

was used to focus the pulse to a slightly elliptical FWHM spot 

size of 43 ⨉ 31 µm. Assuming that at most 50% of the energy 

was contained in the FWHM spot, the peak focussed intensity 

was (2.6±0.6)⨉1019 W/cm2, corresponding to a peak a0 of (3.5 

± 0.4). The pulse was focussed in to a 10 mm long gas cell. The 

plasma electron density could be varied by varying the backing 

pressure to the gas cell. For the best x-ray imaging conditions 

the plasma number density inside the cell was ne = 5⨉1018 cm-3. 
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Eq. 2 

Eq. 1 

Figure 1:  Diagram  of  the  experimental  setup  used 

during  the source characterisation. 

 



Two 15 cm long 1.0 T dipole magnets were used to disperse the 

electron beam, which was recorded on two scintillating lanex 

screens. The typical energy of the high energy peak in the 

electron spectrum was approximately 700 MeV. Based  on 

previous measurements at the same facility, the total charge in 

the  beam above approximately 200 MeV was  expected to  be 

at the 100 pC level. 

The x-ray beam spatial profile was measured using a 

scintillating lanex screen placed on the laser axis. The FWHM 

beam divergence was 20 mrad ⨉ 10 mrad in the vertical and 

horizontal planes respectively. The laser was vertically 

polarised, suggesting that the laser polarisation could be playing 

a role in determining the transverse momentum of the injected 

electrons.  

The critical energy of the spectrum was estimated by detecting 

the transmission of the x-ray beam through an array of different 

metal filters with a caesium iodide scintillator that was fibre 

coupled to a 16-bit CCD. The estimated transmission for the set 

of filters was calculated for a range of critical energy values Ec’, 

assuming an on-axis synchrotron spectrum. A least squared fit 

between these estimations and the data revealed the best 

estimate of the critical energy Ec,best from the set Ec’. At the 

optimal imaging conditions (i.e. high flux, high resolution) we 

found Ec,best = (25±5) keV, where the error given is the standard 

deviation calculated from multiple shots. Combining this with 

the peak electron energy and the plasma density in equation 2 

gives an estimated source size 2rβ = 1.0 µm.  

The x-ray camera has been previously calibrated so that total 

photon number could be calculated assuming a known 

spectrum. With a 25 keV critical energy spectrum and a 20 ⨉ 

10 mrad beam profile (7 ± 3) ⨉ 109 photons were produced per 

shot with an energy above 1 keV. This corresponds to a peak 

brightness of 4⨉1023 photons/s/mm2/mrad2/0.1%BW, where the 

pulse length has been assumed to be 30 fs. The spectral flux that 

is inferred from the measurements outlined here is shown in 

Fig. 2. 

The source size was independently verified by imaging the flat 

edge of a cleaved silicon crystal, to measure the line spread 

function of the system. In the case of a perfect detector this 

would be limited by the source size for this system. The image 

of this hard edge and the calculated line spread function are 

shown in Fig. 3. Clearly the scintillator/ camera combination is 

the major limitation of the resolution of our system. Comparing 

the measured modulation transfer function with that provided 

by the scintillator manufacturer suggests a source size of close 

to 1 µm, which is in good agreement with estimates based on 

the measured x-ray spectrum. 

 

Shock Imaging Experimental Setup 

To image shocks propagating in silicon the cleaved crystal was 

replaced by the silicon shock target. Two types of target were 

examined: a block of single crystal silicon 50 µm thick in the 

shock driver direction and 200 µm thick in the betatron probe 

direction, and a similar block with a 25 µm thick plastic tamper 

layer on the shock driver side. An f/2 off-axis parabolic mirror 

focused the uncompressed Gemini North beam on to the target 

as shown in Fig. 4. (15.7 ± 1.0) J was delivered to the target in 

1.5 ns. The spatial intensity profile of this pulse is shown as an 

inset on Fig. 4. This shape was chosen to allow a single shot 

scan of intensity vs. resultant shock conditions. The shock 

driving beam applied a peak material pressure in the range 

approximately 10-20 GPa. The delay between the shock driver 

beam hitting the target and the betatron probe could be varied 

continuously between 0 and 12ns. 

 

 

Results 

A time series of the propagation of the shock is displayed in 

Fig. 5 along with a plot of the apparent shock position as a 

function of time. This allows an estimation of the initial shock 

velocity of 5.9 km s-1, which is consistent with the expected 

velocity of a plastic wave in silicon under these conditions. It is 

noted that the shock wave velocity is surprisingly linear for an 

unsupported shock. At the present time it is not clear why the 

elastic wave is not observed.  

 

 

 

Figure 2: Peak spectral flux of the betatron source (black 

line). The grey region is the 1σ uncertainty in this 

measurement. Inset bottom left is a typical x-ray image of 

the filter array. Inset top right is a plot of the measured 

transmission through a number of the filters (red dots) 

compared to the best fit synchrotron spectrum (blue line).  

 

Figure 3: Left: X-ray image of the edge of a cleaved silicon 

crystal. Right: Line spread function of the imaging system 

deduced from the hard edge image (blue) and the expected 

line spread function produced by a 1.0µm source (red).  

1.7mm 

Figure 4: schematic of the shock interaction region. Inset 

bottom right is the shock driving laser beam profile at the 

shock surface. 



 

The shape of the shock wave closely followed the intensity 

profile of the driving laser pulse. A FLASH simulation was run 

in order to validate this somewhat complicated behaviour. The 

simulated material density corresponding to the first two images 

in Fig.5, i.e. shots at delays of 3.4 and 5.2 ns, is shown in Fig. 6. 

While this broadly mirrors the laser intensity profile once again 

there is a clear qualitative discrepancy between this and the 

images in Fig. 5. However it is important to note that the 

experimental images are a combination of absorption contrast 

and phase contrast images. Work is on-going to retrieve the 

electron density from these images using the transport of 

intensity equation [19,20,21]. 

 

Finally, Fig. 7 shows a betatron x-ray image of a shocked, 

tamped silicon target. Tamper layers are commonly used to 

limit ablation of the shock target from the front surface, 

allowing for a smoother interaction with the driving laser. 

However their dynamics are not always well understood, simply 

because they are not seen. The partial spatial coherence of the 

betatron beam allows their dynamics to be recorded without 

sacrificing the high x-ray energies required to penetrate the 

higher atomic number shock samples. Figure 7 shows that a 

shock was driven in to the tamper layer even though the 

pressure applied by the laser was not unusually high. This shock 

in the tamper layer makes it very difficult to analyse the 

dynamics of the shock in the silicon, although it is very 

important to observe so that the results are not misinterpreted.  

 

 

Conclusions 

This report has demonstrated that betatron x-rays from a Laser 

Wakefield Accelerator are suitable for the imaging of fast 

processes occurring in solid density material. Measurements of 

the x-rays indicated that their spectral flux was described by a 

synchrotron spectrum with critical energy (25±5) keV and that 

they came from a micron sized source. (7±3)×109 photons were 

produced per shot and the narrow FHWM divergence of the 

beam at 20 × 10 mrad meant that single shot x-ray images could 

be taken at high magnification. These properties, added to the 

femtosecond nature of this x-ray source, make it a promising 

technology for imaging rapidly evolving phenomena at high 

resolution. This work shows the potential of this short pulse x-

ray source by demonstrating that still images could be taken of 

a shock travelling at close to 6 km s-1. 
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