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Introduction: 
The dominant mechanism in most laser-driven 
proton acceleration experiments so far, the so-called 
Target Normal Sheath Acceleration (TNSA) [1], 
relies on the laser energy first being converted into a 
beam of relativistic electrons on a target foil. When 
these electrons exit the rear of the foil, a sheath field 
in excess of 1012V/m is formed, which accelerates 
surface ions. Despite some advantageous properties 
[2], several factors limit the prospects of TNSA-
driven beams for future applications: a relatively 
slow energy scaling, a large energy spread, and a 
low laser-to-ion energy conversion efficiency into 
the spectral region near the maximum energy . 
Radiation Pressure Acceleration is a separate 
mechanism [3-6] where a large accelerating field 
arises by charge separation sustained by the 
ponderomotive pressure of intense laser radiation. 
Radiation pressure effects have previously been 
recognised as important to the dynamics of the 
interaction of the laser pulse with a solid target [7], 
leading to rapid deformation of the plasma surface 
and ions being driven into the target via the hole-
boring process .  In the limit of sufficiently thin 
foils (i.e. where the holeboring extends to the rear 
target surface during the laser pulse) the laser 
accelerates all the ions in the laser path and the 
acceleration scales as if the foil were being pushed 
as a whole, in the so-called ‘light-sail’ regime. 
Momentum balance considerations show that the 
change in the momentum p of the entire foil must 
balance the laser momentum resulting in  

  !

I

dt

dp 2
"  

i.e. the acceleration becomes more 
effective as the areal mass density σ is reduced , as 
long as the target remains opaque to the laser. 

The ion energy in the light-sail regime 
thus scales as the square of the laser intensity - or 
somewhat more slowly once relativistic effects have 
been taken into account [8]. This rapid scaling 
suggests that in ultraintense interaction regimes 
RPA should become the dominant effect on ion 
dynamics in laser interactions with thin solid foils. 
At present intensities (I< 1021 W/cm2), radiation 
pressure effects are difficult to detect. Linearly 
polarized pulses, normally used in interaction 

experiments, lead to strong electron heating via the 
oscillating component of the laser’s ponderomotive 
force [8], and to a dominance of TNSA acceleration, 
which masks RPA effects. The use of circularly 
polarized light has been suggested as a way to 
isolate radiation pressure effects at present 
intensities [4,9].  In this case, the magnitude of the 
laser fields is constant during an optical cycle 
leading to a non-oscillating, quasi-static 
ponderomotive push on the target electrons. A large 
space-charge field arises from the electrons’ 
separation from their parent ions, while electron 
heating is strongly reduced [9]. However, even with 
circular polarization, TNSA can arise at the edge of 
the laser focus as the target is deformed under the 
spatially non-uniform pressure drive associated to 
typical Gaussian or Airy-type focal spot profiles.  
This is due to the appearance of a small oscillating 
electric field component normal to the surface 
which can accelerate relativistic electrons and drive 
an (albeit weaker) TNSA foil expansion [10]. For 
this reason, 2D PIC simulations suggest that, in 
realistic irradiation conditions, transition into the 
light-sail regime requires a stronger drive 
(I>1020Wcm-2) [4]. A further point to be taken into 
account is that, due to surface contaminants, most 
real targets consist of at least two species, which 
affects the acceleration dynamics [4,6,11]. 
We report on an experiment performed by the 
LIBRA consortium [12] on the ASTRA-GEMINI 
facility, in which we aimed to detect radiation 
pressure effects on ion acceleration from ultrathin 
foils by using ultraintense, high contrast, circularly 
polarized laser pulses. 
 
Experimental Methods: 
The ASTRA GEMINI laser is a Ti:Saphhire based 
laser which delivered up to 15J in 40-50fs during 
our experiment. The intensity contrast nanoseconds 
before the peak of the pulse was enhanced by a 
factor of ~104 using a double plasma mirror system 
[13] with 50-60% reflectivity. This resulted in a 
peak/prepulse contrast of >1012:1 at ns timescales 
and of 108:1 at 4ps from the peak of the pulse. The 
laser was focused onto the targets at normal 
incidence using an f/2 off-axis parabolic mirror 
resulting in a 2.5µm FWHM focal spot containing 
approximately 40% of the laser energy in the 



FWHM. Resultant peak intensities were in the range 
1-5 1020 Wcm-2. The targets were amorphous carbon 
foils with thicknesses of 10-100nm. These foils 
have a hydrocarbon contamination a few 
monolayers in thickness, which is the origin of the 
protons observed in our spectra. The thicknesses of 
the foils are as quoted by the manufacturer and do 
not include an estimate for the hydrocarbon 
contamination layer that rapidly forms in all 
conditions other than ultra-high vacuum. A typical 
estimate of the contamination layer thickness is on 
the nm scale. The primary diagnostic for the 
recording of ion spectra was a Thomson parabola 
spectrometer, which employs parallel electric and 
magnetic fields to achieve energy dispersion and 
species separation (B=0.8T, Emax=10kVcm1). The 
particles were detected using a calibrated 
microchannel plate detector (MCP) [14]. 
Circular polarisation was used for all shots 
discussed in this report in order to suppress electron 
heating and TNSA.  In order to aid the 
interpretation of the data, 2D Particle-in-Cell 
simulations were carried out using the OSIRIS code 
[15]. A simulation box of 20 x 30 microns was used 
with a cell size of 2.5nm.  The target is a 25nm foil 
with a mass density of 1gcm-3.  In terms of 
composition, it consists of carbon at a density of 
50ncrit and a homogeneous proton contaminant 
population at 10 ncrit. A circularly polarized laser 
pulse is normally incident on the foil from the left.  
The pulse has a Gaussian temporal and transverse 
spatial profile with a spot size of 2.5µm and FWHM 
of 32fs.  The amplitude of the pulse, in terms of 
normalized vector potential a0 was 10 in the 
simulations of figure 2 (a0=eA/mec, where A is the 
vector potential of the laser field, e and me are 
charge and mass of the electron. In practical units, 
a0= (7.3 10-19 I λ2)0.5, where the laser intensity I and 
the wavelength λ are expressed in W/cm2 and µm, 
respectively). 

 
 
Figure 1: Experimental layout and sample of raw data. The 
plasma mirrors are implemented separately from the ion 
acceleration experiment). The raw data shows a distinct 
high-energy proton peak. The dominant H+ and C6+ 
spectral tracks are indicated by arrows. 
 
 
Results and Discussion: 
Figures 1 and 2 show representative raw data and 
spectra taken at peak intensity with circular 
polarization.  The proton spectra show peaks (~5 

MeV in 2(a) and 9 MeV in 2(b)).   In 2(b) the 
spectrum extends to ~20 MeV, and also displays a 
separate low energy component, with exponentially 
decreasing numbers up to a ~ 4 MeV cut-off. 
Comparison with 2D PIC simulations (figure 2 c) 
shows substantial agreement with the 
experimentally measured spectra and allows 
identifying the different spectral components. The 
low energy component is associated with TNSA-
type acceleration taking place at large radii driven 
by hot-electrons generated at the outer edges of the 
focal spot (at a distance of several time the FWHM 
radius from its centre), while the peaked component 
of the spectrum is due to RPA at the centre of the 
spot. 

 
Figure 2: Comparison of experimental data and PIC 
simulations. a,b The spectra shown were recorded with 
circularly  polarized pulses normally incident on 25nm 
carbon foils. Both profiles show a clear peak in the proton 
spectrum (red line). Such peaks were only clearly 
observed for circular polarisation. The inferred intensities 
are 1.6 1020Wcm-2 and 2 1020Wcm-2 respectively. c 
Simulated spectra at the end of the laser pulse for carbon 
ions and protons for an intensity of 2 1020 Wcm-2. The 
contributions from the central part of the laser spot only 
(RPA component, solid line) and the region outside the 
focal spot (TNSA component, dashed line) are shown 
separately. The combined carbon and proton spectra fit 
well with the observed spectra in b. The corresponding 
proton and carbon 2D density plots are shown in d,e. The 
laser is incident from the left, centered at y=10µm and the 
initial foil position is at x=3µm. Comparison of d and e 
shows that, on axis, the protons travel ahead of the Carbon 
ions. The colour bars are in units of log(n/nc), where n is 
the electron density and nc is the critical density for the 
incident radiation. 
 
These distinct regions of foil acceleration are 
identifiable in the simulated 2D density plots shown 
in figure 2d and e.  The foil expansion far from the 
laser focal region is quite uniform both in the 
forward and backward directions and contains the 
full range of energies from 0 to the local maximum 
energy. In the central region, where the laser 
pressure is high enough to drive RPA there is a 
clear gap between the initial foil position and the 
accelerated foil where no protons/ions are present, 
corresponding to a peaked spectrum. No distinct 
RPA peak is visible in the carbon spectra due to a 
partial overlap with the low energy TNSA feature. 
However, close comparison of figure 2b and c 
indicates that the shoulder in the carbon spectrum 
extending to higher energies originates from RPA at 



the focal spot centre, while the rapid drop at 
energies below 2 MeV/u is due to TNSA at the 
outer edges of the spot. 

The spectral features observed are 
consistent with the detailed two-species dynamics 
of RPA acceleration in the light-sail regime as 
observed in PIC simulations [2, 4, 20].  While the 
force on the electrons is constant, the ions are 
repeatedly accelerated in the quasi-static potential 
gradient (effectively a self-organized double layer 
[27]) set-up by the laser driven separation between 
electrons and ions. The higher charge-to-mass ratio 
of protons results in the protons gaining slightly 
higher velocity than the C ions in the moving 
electric field spike, and propagating ahead of the 
RPA-driven Carbons. Simulations indicate that the 
minimum proton velocity should typically 
correspond to the maximum C6+ velocity [2, 4, 20], 
a distinctive feature of the ion spectra obtained in 
our experiment. By contrast, the dynamics in the 
hole-boring regime are very different [28] and 
should result in almost identical energies for C6+ and 
protons. The spectral peak features were not 
observed when decreasing significantly the intensity 
or increasing the target thickness above 25 nm, 
conditions which resulted in lower proton energies 
and continuous spectra. In all these cases, the laser 
intensity was not sufficient to enter the light-sail 
regime, and the spectral features were determined 
by TNSA (thicker foils typically require higher 
intensities in order to achieve light sail [16]. 
The maximum energies observed in our experiments 
with circular polarisation at normal incidence are ~ 
140MeV Carbon ions and ~ 20MeV protons 
respectively.  
 
Conclusions 
Employing circularly polarized, ultra-short (50 fs), 
high-contrast, high-intensity pulses, we have 
observed novel features in the ion spectra, namely a 
narrow band peak in the proton spectrum correlating 
with the end energy of the corresponding Carbon 
spectrum. The scaling of the peaks (not discussed 
here), their dependence on polarization and target 
thickness, and comparison with PIC simulation 
results, suggest that the spectral feature correspond 

to the onset of light sail Radiation pressure 
acceleration. 
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Introduction 
The acceleration of ions from the interaction of intense laser 
pulses with thin solid targets has generated a great deal of 
experimental and theoretical interest since the first multi-MeV 
energy ion beams were first produced in 2000 [1-6]. Those 
beams have shown highly desirable properties such as high 
brightness and low transverse and longitudinal emittance [7] 
with potential applications in inertial confinement fusion [8], 
nuclear physics [9] and medicine [10-11]. The main mechanism 
responsible for the acceleration of ions in laser conditions that 
are available today is the so called Target Normal Sheath 
Acceleration (TNSA), where ions from the surfaces of the target 
are accelerated by an electrostatic sheath field of a few TV/m. 
This sheath field is generated by the hot electron population, 
resulting from the coupling of the laser energy into the target. 
These electrons propagate from the front surface of the target 
and exit at the rear surface where they set up a large 
electrostatic field caused by the charge separation between the 
ions on the rear surface and the electrons attempting to escape 
from the target. The strength of the sheath field is such that the 
majority of the electrons are pulled back into the target. In this 
scheme ions with a high charge to mass ratio are preferentially 
accelerated, namely protons. The TNSA mechanism is the 
dominant ion acceleration mechanism for laser intensities 
ranging form 1018 to 1020 Wcm-2 and for targets thicker than 
50nm [12]. For thinner targets and higher laser intensities, new 
acceleration mechanisms prevail such as Coulomb explosion 
[13] or radiation pressure acceleration (RPA) [14-15]. Such 
schemes are predicted to give rise to peaked energy spectrum 
for the ions, with a maximum energy in the hundreds of MeV. 

In this report we will report on recent experimental results 
obtained with the Astra-Gemini laser during the LIBRA 
campaign in march-July 2009 during which the acceleration of 
carbon ion by the TNSA mechanism has been investigated, 
especially the effect of the laser incidence angle. Experimental 
results are discussed with reference to 1D PIC simulations. 

The experiment 
The Astra-Gemini laser delivers pulses with duration, τL, of 
50fs, energy, EL, up to 12J at a wavelength, λL, of 800nm. A 
double plasma mirror system was used to enhance the contrast 
up to ~1010 on the ps scale. The targets were irradiated under 
two different incident angles, 35o from target normal and 0o to 
the target normal. The laser pulses were focused using an f/2 
OAP onto 1.25 μm radius focal spot in the 0o configuration with 
35% of the energy in the central spot. The calculated intensity 
on target was 7x1020 Wcm-2.  

A wide range of target materials were used during the 
experiment including plain foils of C, C10H10O4 (CHO, mylar), 

C3H6 (CH, polypropylene), Au and Al as well as layered Au-
CH targets. The target thickness, L, was varied between 50nm 
and 10μm.  

The ion beam properties were measured using two Thomson 
parabola spectrometers, positioned along the target normal 
direction for the two incidence angles as shown in figure 1. 
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Figure 1: Schematic of the experimental setup. 

A combination of Micro Channel Plate detectors and intensified 
Andor CCD cameras were used to record the dispersed ions. 
The arrangement was absolutely calibrated using slotted CR39 
track detector [16].  

Effect of laser incident angle on ion acceleration 
Our attention was primarily focused on the acceleration of 
carbon ions for different target materials and thicknesses at two 
fixed incident angles.  As shown in figure 2, clear changes in 
the spectra are visible when the laser incident angle changes 
from 35o to 0o. The number of accelerated ions as well as the 
maximum energy increases when the angle of incidence is 
changed from oblique to normal. 

As shown in figure 4, this increase in maximum ion energy is 
independent of target thickness as well as target material. An 
increase by a factor ~1.3 is observed throughout the whole 
thickness range, over 2 orders of magnitude. 

This result is in stark contrast with previous work by Ceccotti et 
al [17] where the effect of laser polarisation, s or p, on the 
acceleration of protons is investigated. They reported that for 
laser pulses of 65fs with intensities of 5x1018 Wcm-2 and a 
contrast of 1010 the higher proton energy is achieved using p-
polarised pulses at oblique incidence where the Brunel 
absorption (vacuum heating) effect [18] and the collisionless 
absorption mechanism [19] efficiently transfer laser energy into 
the target. In the case of an s-polarised laser pulse, because the 
laser electric field is in the plane of the target, the 



aforementioned absorption mechanisms have their efficiency 
drastically reduced, therefore diminishing the maximum proton 
energy. 
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Figure 2: Experimental C6+ spectra obtained for two different 

incidence angle, 0o (in red) and 35o (in black).  

In our case the laser pulse polarisation was kept constant (p-
polarised) and only the incidence angle was changed. The p-
polarised pulse at normal incidence is equivalent to an s-
polarised pulse at normal incidence, making a comparison with 
Ceccotti et al work possible. The fact that, at higher intensities, 
we observe a more efficient coupling of the laser energy into 
the ions, which cannot be explained by the change in the focal 
spot size, lead us to believe that a new angle dependent laser 
absorption mechanism is at play.  

To have a better understanding of the absorption mechanism 
involved in our experiment we conducted a series of 1D and 2D 
PIC simulations for both incident angles.  

The 1D simulations were done using a modified version of the 
code used in [20]. A box of 25000 cells each with a size of 2nm 
and containing 200 particles was simulated. The target consists 
of two layers, one heavier ion substrate with a Z equals to 1 and 
a mass three times that of a proton, and a thin proton layer on 
the rear of the target. Both layers have a density of 90 nc. A 
laser pulse duration of 50fs at a wavelength of 800nm and an a0 
of 18 (equivalent to 7x1020Wcm-2) was used.   
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Figure 3: 1D PIC simulation result showing the energy 
distribution for the heavy ion population at two different 

incident angles, 0o (in red) and 35o (in black). 

The 1D simulation results, displayed in figure 3, show a clear 
increase in maximum ion energy when the laser incident angle 
is changed from 35o to 0o.  The increase in energy for the 1D 
case is found to be ~2.6, which is slightly higher than the 
increase measured in the experimental data. 

Effects of target properties on ion acceleration 

The effect of the target properties, thickness and material, was 
also investigated. Figure 4 shows a summary of the 
measurements obtained using Al, C and CHO foils. Each point 
represents the average maximum C6+ ion energy for 3 to 4 laser 
shots on each target at the different thicknesses. 
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Figure 4: Average of the maximum C6+ ion energy over 

multiple shots as a function of target thickness for different 
materials. The errors bars represent the standard deviation of the 

maximum energy. 

A scaling of the maximum ion energy with target thickness, and 
independent from target material, is observed. The increasing 
rate of the maximum energy is very similar to the one reported 
in Neely et al [21] for protons. An increase of a factor 2 in the 
maximum ion energy is observed when the target thickness is 
reduced by two orders of magnitude This can be explained by 
the fact that the transverse spreading of the electron beam 
propagating through the target is increased as the target 
thickness increases and the effects of refluxing electrons are 
reduced [22], therefore limiting the acceleration of the ion by 
the TNSA mechanism.  

Two analytical models were applied to the data in order to 
investigate the expected scaling of the maximum ion energy; 
the model presented by Andreev et al [23] and the model 
proposed by Schreiber et al [24]. Both models predict an 
increase in maximum energy with decreasing target thickness 
down to 100nm, in qualitative agreement with the experimental 
data. Andreev et al model predicts an optimal thickness around 
80nm for our experimental parameters. On the other hand, the 
Schreiber et al model shows saturation of the maximum energy 
for thicknesses of ~100nm. Experimentally, we observe 
changes in the energy spectra for targets below 100 nm, 
suggesting that the ion acceleration mechanism is not purely 
TNSA. 
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Figure 5: Maximum protons and C6+ ion energies for different 

target composition and thicknesses. 

Figure 5 displays the average maximum proton and C6+ ion 
energy for different target materials at different thicknesses. 
This allows us to compare the effect of the presence of carbon 
in the target as a bulk material (C, CHO and CH targets), an 
uncontrolled surface contaminant layer (Al and Au) or a 
controlled deposited layer (Au-CH).  

In the case of the C, CH and CHO targets we observed that the 
composition of the target does not affect the maximum proton 
energy significantly for a given thickness. However, in the case 
of C6+ the acceleration is more efficient for the pure C target. 



This can be explained by the screening effect due to the 
presence of hydrogen in the CH and CHO targets. As for the 
controlled layer target (Au-CH), the addition of hydrogen in the 
accelerating field enhances the production of protons. A small 
decrease in the carbon ion energy is observed, further 
confirming that the presence of protons limits the acceleration 
of heavier ions. 
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Figure 6: Maximum ion energy as a function of the ion charge 

to mass ratio 

Figure 6 shows the variation of the maximum ion energy as a 
function of the charge to mass ratio. A clear increase, by a 
factor of 2, is observed over the range q/m=0.1-0.5. The 
analytical models by Schreiber et al (dashed black) and 
Andreev et al (dotted black) are also represented. The Schreiber 
et al model is in good agreement with the experimental trend 
but overestimates the measured energies, while the Andreev et 
al model gives energies closest to the highest measured but does 
not follow the trend as well. Both models fail to reproduce the 
lower charge state energies; shielding effects that are not taken 
into accounts in the models may be responsible for this. A 
simple model (dotted blue) where the ions are assumed to be 
accelerated by a simple electrostatic field and the free parameter 
is the electric field strength, the estimated energies for 8TV/m 
field is shown. This simple model reproduces the experimental 
data surprisingly well. 

Conclusions 
We have conducted an experiment using the Astra-Gemini laser 
in 2009 during which we investigated the effect of the laser 
incident angle on the ion acceleration in the TNSA regime. We 
observed for the first time that at the laser intensity available, 
7x1020 Wcm-2, the coupling of the laser energy into the ions is 
greater at normal incidence than at oblique incidence. This 
observation is inconsistent with previous work by Ceccotti  et al 
[17] intensity. The increase in maximum ion energy can not be 
explained by the small difference in laser intensity at the two 
angles, therefore suggesting that a new angular dependent 
absorption process may occur at these higher laser contrasts and 
intensities.  

1D PIC simulations were performed to investigate further this 
possible new absorption mechanism. The experimental data 
were well reproduced by the simulations. 2D simulations were 
also conducted to explore the effect of the incident angle on the 
electron population. Preliminary analysis suggests that higher 
energy fast electrons are produced in the normal incidence case. 

We also found that with the laser parameters available during 
the experiment the maximum ion energy increases with 
decreasing target thickness down to 100nm independently from 
target material for the TNSA mechanism. For thinner targets, 

changes in the energy spectra were observed suggesting that the 
acceleration mechanism is not purely TNSA. 

The investigation of the effects of the target material on the 
acceleration of carbon ions showed that the highest energy 
carbons are obtained with targets containing carbon but no 
hydrogen as a bulk material. The presence of hydrogen, 
throughout the target or on the surface reduces the energy 
coupling to the carbon ions. By contrast, it is found that the 
acceleration of protons can be enhanced for a high Z material 
when a hydrogen rich layer is deposited on the back surface. 

An increase in the maximum ion energy with increasing q/m 
ratio was observed and analytical models were applied to the 
data. It has been found that a simple electrostatic acceleration 
model gives a reasonable fit to the data as a function of q/m. 
Unconsidered screening effects, in the models, of the lower ion 
charge states may explain the difference between the models 
and the data for these ions. For further reading please see [25]. 
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Introduction 
The issue of debris from solid targets has been a concern since 
the advent of higher power lasers where protective barriers, 
such as glass pellicles [1], are used to protect optics. However 
with high repetition rate high power laser systems now coming 
online or in the design stages [2-4] the issue of debris is 
becoming more significant [5] as the accumulation of damage 
or surface coating is more rapid. 

We report we report on debris characterisation measurements 
made during the radiation commissioning of the Astra-Gemini 
laser in early 2009. During the commissioning the distribution 
of debris from thick targets around the horizontal plane of the 
target was studied. Debris in this report is defined as to 
encompass all material leaving the target; liquid, vapour and 
solid (shrapnel). 

Experimental setup 
The Astra-Gemini laser delivers pulses with duration, τL, of 
50fs, energy, EL, up to 15J at a wavelength, λL, of 800nm. The 
laser incident angle onto target was 35o relative to the target 
normal. The laser pulses were focused using an f/2 OAP onto 
1.25 μm radius focal with 35% of the energy in the central spot. 
The calculated peak intensity on target is 6 x1021 Wcm-2.  

The targets used are 0.5 mm thick Tantalum (Ta), plastic (CH) 
and copper (Cu) and 50 μm thick gold (Au). The key 
diagnostics are four 127 mm square glass witness plates [ref 
RAL report] arrayed around the target as shown in figure 1. 
These glass plates accumulate debris on their front surfaces 
over shot sequences consisting of up to 30 shots.   

 
Figure 1: Schematic of the experimental setup. 

These witness plates enable the study of three different debris 
types on surfaces. These are the build up of layers of debris 
coating on surfaces, macro sized pieces of debris embedded on 
surfaces and the damage caused by shrapnel like debris to the 
surfaces. 

 

Table 1: Witness plate positions and distances, d, from target 

Witness plate position d (mm) Solid angle (sr) 

Front surface target normal axis 320 0.16 

Target transverse 243 0.27 

Laser axis target rear surface 230 0.30 

Rear surface target normal 245 0.27 

 

Debris from 500 µm thick targets 
The debris generated from 500 µm thick targets of Ta, CH and 
Cu were accumulated on a single set of witness plates. There 
were in total 36 shots on CH, 48 shots on Cu and 47 shots on 
Ta. As these shots were primarily for the radiation 
commissioning there are shots within this total that were 
defocused, table 2 summarises this for each target, thought the 
majority were at best focus.    

Table 2: Number of shots at different focus positions for the 
three materials used for 500 µm thick targets 

 Estimated spot diameter (µm)  

Material 3 10 20 30 50 100 250 500 

Cu 22 4 4 0 4 4 6 4 

CH 12 4 4 0 4 4 4 3 

Ta 38 1 3 1 2 0 0 0 

 

 
Figure 2: Scans of central area (15.9 x 11.9 mm) for each 

witness plate for 500 µm thick targets. (a) Front surface target 
normal, (b) target transverse, (c) laser axis and (d) rear surface 

target normal. 



The debris distribution for this thickness of targets was found to 
favour emission in the laser-axis and rear surface target normal 
directions which showed the highest density of debris. This can 
be seen in Figure 2 which shows systematic scans of the central 
area for each of the witness plates, covering an area of 189 
mm2. 

The debris particulates observed on the witness plates are large, 
typically around 400 µm. The debris is typically irregular in 
shape which is especially true for plastic. The plastic target was 
observed to produce the largest pieces of debris that stuck to the 
witness plate with sizes in the millimetre range (figure 2(d) 
shows one of these large pieces). For the metal targets if any 
such large pieces of debris were produced they were not 
captured by the witness plates. No large scale physical damage 
to the witness plates surfaces were observed   

Debris from 50 µm thick targets 

A second set of witness plates were used to capture the debris 
produced from the 50 µm Au targets shot during the radiation 
commissioning. The positions of the witness plates were kept 
the same as shown in figure 1 and listed in table 1. As before, 
multiple shots worth of debris were accumulated onto the 
witness plates, in this case the number of shots was 26. Within 
this were shots taken at different focus positions and are listed 
in table 3. 

Table 3: Number of shots at different focus positions for the 50 
µm thick Au targets 

 Estimated spot diameter (µm)  

Material best 10 20 30 50 100 250 500 

Au 2 4 4 0 4 4 4 4 

 

The distribution of debris from the thick 50 µm Au targets is 
found to be different to the case for the very thick 500 µm 
targets. For the thinner target the highest debris was found on 
the front and rear target normal witness plates and minimal 
amount on the laser axis and transverse plates. The largest 
debris particulates measured on the laser axis and transverse 
plates is 70 µm and 20 µm respectively. Scans of the central 
area for each of the witness plates are shown in figure 3. 

 
Figure 3: Scans of central area (15.9 x 11.9 mm) for each 
witness plate for 50 µm thick Au targets. (a) Front surface 

target normal (note this image is reflected rather than 
transmitted light to highlight gold debris), (b) target transverse, 

(c) laser axis and (d) rear surface target normal. 

The debris on the front surface plate was found to be evenly 
distributed across the surface. The size of the debris particulates 
was found to be smaller in size than for the larger targets, 
largest debris size was found to be ~70 µm in size. The debris 

was also found be more uniform in shape, circular and flat on 
the glass surface. This is likely due to the Au material hitting 
the plate being molten droplets rather than solid shrapnel. The 
rear surface target normal plates  

The rear surface target normal plate has a similar layer of 
evenly distributed debris across the surface as the front surface 
but also has an additional feature. This additional feature is an 
area of damage to the glass surface in a concentrated region 
around the actual target normal axis. This can be seen in the 
bottom left of figure 3(d). This indicates a beam like feature of 
highly destructive debris, shrapnel, coming from the target rear 
surface. This area of damage has distinct features, a central area 
where the pits in the glass are ~350 µm in size, two larger 
circular areas on damage above and below the central area 
which contain pits smaller in size of ~100 µm. The final feature 
is a line of damage from the central region going towards the 
laser axis with pits also around 100 µm in size. These features 
are shown in figure 4. 

 
Figure 4: Debris damage to glass witness plate at the target 

normal rear surface position. The images at the top are scans of 
the damage to the plate surface and the bottom diagram is a 

schematic of features found in the damage distribution. 

Debris production with the Phelix laser 

Similar debris damage along the target normal rear surface axis 
was also observed on an experiment using the Phelix laser, 
based at the GSI facility in Germany.  

The Phelix laser generates pulses that are of the order of a 
picosecond with energies in the 100 J range. The debris 
deposition along the target normal axis from 26 µm and 100 µm 
Au targets was obtained from the front Al layer of an RCF stack 
(50 mm x 50 mm) placed 40 mm behind the target, which acted 
as a witness sample.  

It was observed that for 100 µm thick Au targets indents were 
formed in the Al layer. It was confirmed that these indents were 
being formed by Au debris from the target as Au shrapnel was 
found to be embedded in the 13 µm thick Al layer. This can be 
observed in figure 5(b). 

When the 26 µm thick Au target was irradiated the results were 
drastically different in terms of debris damage. Instead of the 
indentation caused by debris impact it was found that a roughly 
radial symmetric discolouration of the Al layer had occurred, 
this can be seen in figure 5(a). This discoloration is purple in 
colour near the centre and gradually changes to a golden yellow 
at larger radii. This is an indication of heat damage to the Al 
layer and is likely due to non-shrapnel debris. Modelling is 
underway to determine the reasons for the change in size of 
debris particulates with target thickness. 
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Conclusions 
We have taken debris measurements with glass witness plates 
on Astra-Gemini during radiation commissioning and observed 
the effects that target thickness has on debris.  

For 0.5 mm thick targets, large debris particulates were 
measured over a wide area with the highest density being 
measured in the laser axis and rear surface target normal 
directions. It was found that the debris particulates were not 
energetic enough to cause physical damage to the glass witness 
plates at a distance of ~25 cm. It was also found that the largest 
pieces of debris that stuck to the glass surfaces were from 
plastic targets.  

For targets that were an order of magnitude thinner, 50 µm Au, 
the distribution of debris and it effects were found to have 
changed. It was weighted more towards the front and rear 
surfaces target normal axes. The debris at the front surface was 
found to form a coating on the glass witness plate consisting of 
circular discs, indicating the debris was molten or liquid when 
impacting on the plate. Similar debris coating at the rear surface 
was also found, but in addition severe damage to the glass 
surface was also observed. This indicated that the debris at the 
rear surface consisted of a mixture of shrapnel and liquid or 
molten pieces. Features were found in the distribution of 
damage to the glass surface consisting of a central area with 
largest damage, two surrounding hemi-spheres of lesser damage 
and a line of damage stretching towards the laser axis. 

Similar damaging shrapnel was also observed on the Phelix 
laser for 100 µm thick Au targets. When the laser energy was 
increased and the target thickness decreased there was 
significantly less physical damage observed but thermal 
discolouration also occurred.  

These initial observations indicate that the target thickness has a 
significant effect on the debris distribution and types of debris 
produced in the interaction environment. However, a more 
systematic study of debris is required to determine how 
changing laser and target parameters effect debris distribution 
and types. In particular the debris produced from ultra-thin 
targets, i.e. submicron, should be investigated as these targets 
are likely to have very different debris distributions and are the 
favoured target type for achieving the required ion beam 
properties for application [refs]. 
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Abstract 
We report on the absolute calibration of a 

micro channel plate (MCP) detector, installed as 
detector in a Thomson parabola spectrometer. The 
calibration delivers the relation between a registered 
count numbers in the CCD camera (on which the MCP 
phosphor screen is imaged) as a result of the impact of 
an ion beam onto the MCP. The particle response of 
the whole detection system was evaluated by using 
laser accelerated ions with proton energies up to 3 
MeV and carbon ion energies up to 16 MeV. In order 
to obtain an absolute measurement of the number of 
ions incident on the MCP detector, slotted CR-39 
track detector was installed in front of the MCP. The 
signal registered on the MCP due to ions propagating 
through the CR-39 slots is compared to the number of 
particles counted on the adjacent CR-39 stripes after 
the etching. The calibration of the response of MCP 
has been extended to higher energy ions and protons 
on the basis of a simple model validated by 
comparison with the calibration data. This sensitive 
detection set-up makes it possible to measure in a 
single laser shot the ion spectrum in absolute terms. 
1. Introduction 

High power (100TW–1PW) laser systems 
are capable of delivering ultraintense (up to 
1021W/cm2), ultrashort (40–50 fs) laser pulses at high 
repetition rate (e.g. Astra-GEMINI laser-one pulse in 
every 20s). Energetic ions/protons accelerated up to 
tens of MeV energies per nucleon have been observed 
experimentally during the interaction of these pulses 
with thin solid targets [1–3]. Efficient detection of 
these particles is most important for their potential 
applications. The Thomson parabola spectrometer is 
successfully used as a charged particle analyzer [4] for 
the quantitative analysis of ion beams emerging from 
the laser plasma. The deflection of charged particles in 
homogeneous magnetic and electric fields provides 
simultaneously their energy, momentum, and mass-to-
charge ratio. The spectrometer becomes uniquely 
valuable, particularly for use on a single shot basis, if 
coupled to absolutely calibrated, fast response 
detectors, such as, e.g. microchannel plate (MCP) 
detector coupled to a phosphor screen. Having a single 
shot online diagnostic is very important also because 

current laser systems still suffer from shot-to-shot 
fluctuations of laser pulse parameters, such as energy, 
pulse duration, and pulse shape, which significantly 
modify the interaction conditions and, thereby, the 
particle acceleration processes. This paper will 
describe the calibration of a Thomson-MCP assembly 
which we employed in a recent laser-driven ion 
acceleration experiment. We will discuss the method 
employed, the relevant data analysis and a theoretical 
model for the MCP response which allows to extend 
the calibration data to higher energy ranges. Careful 
consideration is required in evaluating the response of 
the MCP, since in the arrangement employed different 
energy ions are incident on the MCP at different 
angles (unlike, for example, ions accelerated by linear 
accelerators), and this may affect the gain and 
secondary electron yield. For this reason, an in-situ 
calibration is important for a correct data analysis.  
2. Method and calibration  

In the experiment, thin planar foil targets 
were irradiated at 350 incidence by p-polarized laser 
pulses from the Astra-GEMINI laser system at the 
Rutherford Appleton Laboratory (RAL) with energy 
of up to 12J and pulse duration _50 fs. With an f/2 off-
axis parabolic mirror, a maximum vacuum intensity of 
5_1020 W/cm2 was reached with a double plasma 
mirror system. The measurements of the energies of 
the ions emitted normal to the target were carried out 
with a Thomson parabola spectrometer schematically 
shown in Fig. 1. Typically, a magnetic field of about 
0.4T and electric field of 8 kV/cm have been applied. 
The ions are detected by a Hamamatsu MCP (Model-
AF2226-A093B) detector with a diameter of 77mm 
and bias angle 80 coupled to a phosphor screen (P-43) 
which is imaged with an objective onto the chip of a 
CCD camera. In order to calibrate the MCP we placed 
a slotted CR-39 track detector [5] in front of the MCP. 
With this arrangement the spectral parabolic traces of 
the ions will be partly detected on CR-39 while the 
parts, which pass through the gaps of the slotted CR-
39, will appear on the phosphor screen of the MCP. 
The tracks on CR-39 produced after etching in a 6N 
NaOH solution at 700 C temperature of water bath for 
3 hrs and the corresponding image from the phosphor 
screen of the MCP detector captured on CCD camera 



are shown in Fig.2(b) and (a), respectively. The 
number of protons and C6+ ions incident on each stripe 
on CR-39 were counted using an optical microscope 
where as a routine in Matlab was written to identify 
the ion species and their energies by fitting the 
different parabolic tracks from the image. This routine 
also provides the counts in each pixel of the CCD as a 
signal corresponding to the ions falling in that pixel 
region. We correlate the number of protons on each 
stripe to the adjacent CCD integrated counts belonging 
to the same parabolic trace. A complication 
encountered was that the portions of the traces 
projected on the CCD through the CR-39 gaps for the 
lower energy part of the spectrum appeared smaller 
than their counter part on CR-39. This was due to the 
thickness (1mm) of theCR-39, coupled to the 
relatively large deflection angle of the low energy 
ions, which resulted in part of the trace being blocked. 
Therefore we considered the counts per unit energy 
interval integrated across the width of the stripe on the 
CCD image and the corresponding integrated number 
of protons on CR-39. In order to correlate CCD counts 
 

 
Fig.1 Schematic arrangement of the Thomson parabola 
spectrometer to detect the ions using the MCP detector 
coupled to the phosphor screen and CR-39 detector 
simultaneously (Distances in mm). 

 
 

 
 
Fig.2 An image from the (a) MCP-phosphor screen and (b) 
CR-39 track detector of an emitted ion spectrum from 0.8 �m 
carbon foil target taken from a single laser shot in the target 
normal direction with the Thomson spectrometer. Here the 
CR-39 track detector was installed in front of MCP detector. 
 
to number of protons we then interpolated the signal 
of two consecutive trace sections on the CCD and 
compared the interpolated value with the counts of the 
interleaved section on the CR-39. Similarly, 
interpolation of two consecutive CR-39 trace sections 
and comparison with the interleaving CCD trace 
section was also carried out. In this way we obtained 
the ratio (counts/particle) as a function of energy 
which gives the response of the MCP to protons. In 
the same manner the response to C6+ ions has been 
calculated. Data obtained from the comparison of 

spectral images on MCP and CR- 39 is shown in Fig. 
3 for protons and C6+ ions. Although the calibration 
data shown are for protons up to 3 MeV and for 
carbon ions up to 16 MeV energies, the MCP response 
to higher energy ions was considered and a theoretical 
model has been proposed. 
 

 
Fig.3 Correlation of integrated counts in dE energy interval 
due to MCP signal with number of particles on CR-39 in dE 
energy interval plotted with respect to energy for (a) Protons 
and (b) Carbons. The dE energy interval corresponds to 
thickness of the stripe on CCD and CR-39 
 
3. Theoretical Model 

In general the response of the MCP to the 
incident ion can be given as a function of channel bias 
angle, open area ratio, incident angle of the ions on 
channel, their energy and the penetration depth into 
the channel. All these parameters some how affect the 
secondary electron yield due to the ion impact and 
therefore the gain of the MCP channel. Following 
Beuhler and Friedman [6] a general expression for the 
secondary yield from a solid target can be given by 
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where P is the probability of electron escape from the 
surface, E0 is the energy (eV) needed to be deposited 
to produce an electron for escape, � is the 
characteristic length of electron diffusion inside the 
target, (dE/dx)e is the electronic stopping power of the 
projectile ion into the target and � is the angle of 
incidence with respect to the normal to the target 
surface [7]. Several investigations have shown 
experimentally [8] and by numerical simulations [9] 
the dependence of secondary yield �a on the electronic 
stopping power of the projectile ion (dE/dx)e over a 
broad range of ion energies. In addition, the angular 
dependence of the secondary yield �a ∝ 1/cos� was 
shown experimentally by Thieberger et al [10] for 
carbon ions. In our model calculations we have 
considered the same dependences. Assuming in (1) 
that P, E0 and � are constant for a particular material 
and (dE/dx)e can be considered constant as well for the 
electron escape from a very thin layer at the surface of 
the material, Eq.(1) becomes 

e
a dx

dE
E
P

�
�

�
�
�

�=
θ

λγ
cos0

   

     (2) 
The gain of the MCP channel is normally given as 
g=eG.a, where G is the secondary emission 
characteristics parameter and a=L/D, where L is the 
channel length and D is the channel diameter [11]. 
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Implicitly the gain depends on the voltage across the 
channel and a linear dependence of the voltage on 
channel length could be considered. In this way the 

gain has been calculated to be, 
LzLk pdeg /)(. −= , 

where Zpd, is the penetration depth and k is constant. In 
our case, since the MCP is installed in a Thomson 
spectrometer, and therefore the angle of incidence of 
the dispersed ions on the MCP differs for different 
energies, the penetration depth Zpd is also different, 
and therefore the gain will be in principle different. A 
Monte-Carlo simulation has been therefore performed 
in order to obtain the most probable penetration depth 
and consequently the gain in the channel. We have 
considered the intersection of straight line ion 
trajectories with cylindrical channels whose direction 
cosines incorporate ethe incidence angle and channel 
bias angle. Finally the response of the MCP can be 
written as  
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     (3) 
To obtain (dE/dx)e for different energy ions we used 
the SRIM [12] program and the angle of incidence 
defined by the geometry of the experiment. For C6+ 
ions � was ~820 at 6 MeV and ~890 at 240 MeV and 
for protons � was ~820 at 0.8 MeV and 870 at 5 MeV. 
As discussed above, in calculating the 1/cos� 
dependence, we take into account that the incidence 
angle � with respect to the normal to the MCP channel 
surface varies for different ion energies in the 
spectrometer. The model provides a good agreement 
to our data except for the lower energy proton range 
(below 1.5 MeV). The experimental calibration data at 
higher energy range is shown in Fig. 4(a) and (b) 
together with the model calculation for the response of 
the MCP. We see in Fig. 4(b) a good agreement for 
carbon ions and a change in response by a factor of 1.5 
passing from 20 to 240 MeV. However there is a 
disagreement for the lower energy protons (<1.5 
MeV) between the theory and experimental data 
shown in Fig. 4(a) which we are currently 
investigating. We note that the relative error in this 
part of the spectrum is higher (about 20%) due to the 

higher percentage error in determining the energy 
range. 
4. Conclusions 

In conclusion, in this paper we have 
described the measured particle response of an MCP 
detector employed within a Thomson spectrometer. 
The calibration delivers the relation between a 
registered count numbers in the CCD image of the 
phosphor screen which results from ion impact. The 
particle response of the whole detection system was 
evaluated by using a laser accelerated ion beam 
containing protons up to 3MeV and carbon ions up to 
16 MeV energies. Based on a model for the MCP 
response the calibrations have been extended to higher 
energies range. The data analysis has highlighted the 
dependence of MCP response on incident ion species. 
This sensitive detection set-up makes it possible to 
measure on a single shot basis the ion spectrum in 
absolute terms. 
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Fig.4 Response of MCP (counts/ particle) (a) for Protons and 
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Introduction 
The laser acceleration of ions to multi-MeV 

energies from thin foils has been investigated 
extensively during the last decade using intense laser 
pulses (1018 – 1020 W/cm2) [1]. The ions are mainly 
accelerated in the space-charge fields created by laser 
generated relativistic electrons which are penetrating 
the target (e.g. Target Normal Sheath Acceleration – 
TNSA mechanism [2-5]). Experimental results have 
shown that these ions have unique properties: high 
brightness (about 1013 protons/ions per shot), high 
current (in kilo-Ampere range), ultralow emittance, 
and short pulse duration (less than 1ps), opening 
prospects for a broad range of applications [1]. While 
they have been applied successfully in high resolution 
radiography [6], most potential applications are 
demanding further improvement of the beam 
specifications particularly  regarding maximum ion 
energy and ion flux . 

Currently the highest proton energies (~60 MeV) 
and conversion efficiencies (8%) have been obtained 
using Nd:Glass PW systems providing 100s J, ~ ps (or 
several 100s fs) pulses. These systems are large-scale, 
costly installations, with very low repetition rate. The 
use of smaller scale (possibly table-top), high-rep 
systems is clearly preferable in view of widespread 
applications. For example, Ti:Sa systems reach high 
intensities by concentrating more moderate amounts of 
energies in very short pulses (10s of fs). Technological 
progress in this area is fast and is now enabling access 
to unprecedented intensities (above 1020 W/cm2), with 
ultrashort (~50 fs) laser pulses [7]. The interaction at 
these intensities still has to be explored carefully and 
experiments aiming to obtain scaling laws or estimates 
of the efficiency of the acceleration process are 
essential. The scaling of proton energy using ~ 50 fs 
lasers at intensities ranging from ~ 1018 to 1019 W/cm2 
has been reviewed in [8, 9]. Generally, acceleration 
with shorter pulses is, at comparable intensities, less 
efficient than with ps pulses. By optimizing target 
thickness (down to tens of nm) [8, 10, 11], maximum 
conversion efficiencies into protons of about 1 % have 

been inferred. 
Additionally, PIC simulations using circularly 

polarised light and intensity >1020 W/cm2, have shown 
a transition from the usual TNSA process to a regime 
of radiation pressure acceleration (RPA) [12, 13]. The 
advantage of using circularly polarised pulses lies in 
the fact that the oscillating components of the Lorentz 
force in the direction perpendicular to the sharp 
density gradient is quenched, and hence the motion of 
the electrons at the interaction surface is mostly 
adiabatic and electron heating is strongly reduced [12]. 
The ions are accelerated via space charge fields which 
balance the radiation pressure (i.e. the ponderomotive 
force).  

In this report we will discuss the effect of the 
laser polarisations, target thickness and target material 
on the energy of the accelerated protons/ions under 
normal laser incidence on the target. Also we will 
discuss the total number of protons/carbon ions 
produced during the interaction at two different laser 
incidence angles namely 350 and 00 for a range of 
target thickness.  
 
Experimental Method 

The experiments have been carried out on 
ASTRA-Gemini laser at Rutherford Appleton 
Laboratory, which delivers 12 J ultra-short (~50 fs) 
pulses at a central wavelength of 800 nm. The intrinsic 
intensity contrast of 107 at 20 ps prior to the pulse 
peak was enhanced to the level of ~1010 employing a 
“double plasma mirror” system, which preserves the 
spatial focal spot qualities although the throughput 
laser energy is reduced to ~6J. An f/2 off axis parabola 
was used to focus the laser pulses to a spot size of 
diameter ~2.5 mµ  containing 35% of laser energy. 

Thus, intensities above 5×1020 W/cm2 could be 
reached. Al and carbon targets with thickness varying 
from 10 nm up to 10 mµ  were irradiated up to this 
intensity. Thomson spectrometers with absolutely 
calibrated micro-channel-plate (MCP) detectors 
registered ion emission spectra simultaneously along 
different directions: along the laser propagation axis 



(00), and at angles of 350, 450 and 2150 relative to the 
laser axis. The spectrometers employed 100 µm-
diameter entrance pinholes located at a distance of 
130, 93, 95 and 81 cm from the target surface, 
respectively.  The schematic of the experimental set 
up has been shown in fig1. 
 

 
 
Fig.1 Experimental setup: A double plasma mirror 
was employed to enhance the laser pulse contrast. 
 
Results and Discussion 

The dependence of the maximum proton energy 
on carbon target thickness at two different 
polarisations viz. linear and circular at normal 
incidence is shown in fig 2(a). 

  

 
Fig.2 Maximum proton/ion energy dependence on 
target thickness at normal incidence on carbon target 
for linear and circular polarisations 

 
Fig.3 Maximum proton/ion energy dependence on 
target thickness at normal incidence on aluminium 
target for linear and circular polarisations  
 

Proton energy increases with decrease in target 
thickness for both polarisations and there is factor of 2 
gain in energy (~20 MeV) at 25nm compared to 50nm 
for the circular polarization case (~1.5 times gain in 
linear case).  

Similarly in fig2(b) we have shown the carbon 
ions energies dependence on thickness for two 
polarisations. At circular polarisation, the C6+ energy 
increases with decrease in thickness and is ~160 MeV 
at 10 nm with a ~ 4 times increase in energy going 
from 100nm to 10nm. With linear polarisation, energy 
increases with a decrease in thickness up to 25 nm 
reaching ~240 MeV. 

Next, we investigated the dependence of 
proton/ion energy on the target thickness but now with 
aluminium target at normal incidence. In fig3(a) the 
proton energy dependence on thickness at circular and 
linear polarisation is shown. Similar to the case of fig 
2, for circularly polarized light the proton energy 
increases with decrease in thickness. Surprisingly for 
linear polarisation we see an almost constant 
maximum energy ~20 MeV at all thicknesses ranging 
from 10um to 50nm. On the other hand in fig 3(b) C6+ 
energy has been plotted with target thickness. For both 
polarisations we see an increase in the energy as 
thickness decreases. 

The dependence of produced number of 
protons/ions at two different laser incidence angles 350 
and 00 on the target as a function of target thickness 
for the aluminium target has also been investigated. In 
fig.4(a) the total number of protons and carbons 
detected along the rear surface target normal (RSTN) 
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within a solid angle of 9 nsr (hereafter we will label 
this quantity as proton/ion flux) has been plotted 
against target thickness under 350 laser incidence. The 
proton/ion flux increases with decrease in thickness up 
to 100nm and decreases below this thickness. The 
numbers are integrated over the 2 - 12 MeV range for 
protons and 2.5 - 42 MeV for Carbon ions. Both, 
proton and ion flux increased by an order of 
magnitude when the target thickness was decreased 
about 200 times. One can try to estimate the 
conversion efficiency into protons for 100 nm thick 
targets by assuming a proton beam divergence of 
about 80 (as suggested by other diagnostics) which 
gives ~ 6.5% ( ~ 5% for carbon ions). 

 

 
 

Conclusion 
In summary we have presented the energy scaling for 
protons and carbon ions as a function of target 
thickness for two different target material (Al, C) and 
two different polarisations (linear and circular). Also 
the dependence of produced proton/ion flux was 
shown for two incidence angles namely 350 and 00. 
The interpretation and modelling of this data is 
currently ongoing. 
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Introduction 

With remarkable progress in chirped pulse amplification (CPA) 

technology, extreme laser power and intensity as high as 

1022W/cm2 has recently been made available by the new 

generation femtosecond (fs) petawatt (PW) Ti:Sapphire 

amplifiers [1-4]. Such ultrahigh intensities have opened a way 

to the experiments in the ultra-relativistic and radiation 

dominated regime of laser-matter interaction [5-6]. The 

temporal contrast of the laser pulse, defined as the ratio of the 

peak intensity of the pulse to the prepulse intensity, plays a 

crucial and important role in the ultra high field laser-matter 

interaction experiments. It generally requires a clean laser pulse 

with a contrast better than 1010 to restrict any destructive 

preplasma dynamics in those experiments, as excessive prepulse 

intensity can significantly modify the solid targets and 

experiment conditions due to preplasma formation prior to the 

arrival of the main pulse.  

There are two major types of prepulses in the temporal profile 

of ultrafast, high power laser pulses: the incoherent and 

coherent pedestals. The first is normally caused by the 

amplified spontaneous emission (ASE) on the ns time scale 

while the second, on the order of tens of ps time scale, is related 

to the residual high order spectral phase, spectral phase noise, 

random spectral modulation and degree of non-Gaussian shape 

introduced through the CPA laser system. The incoherent ASE 

contrast is generally considered to be more detrimental than the 

coherent contrast as it is on the relatively long ns time scale 

which could result in sufficient preplasma expansion to alter the 

experimental conditions significantly [7-8]. To meet an 

increasing demand for higher temporal quality of the laser pulse 

by considerably reducing both the incoherent and coherent 

noise level has posed a big challenge to the development of 

extreme power laser systems. 

In this article, we have report an investigation of the temporal 

contrast of the Astra-Gemini high power Ti:Sapphire laser. 

Enhanced contrast of the laser pulse by nearly an order of 

magnitude has been achieved by upgrading the commercial 

front-end to provide cleaner seed pulses.  

Results and discussion 

Astra-Gemini, as a world leading PW high power solid-state 

laser facility, has been in operation successfully for more than 

two years. The Astra laser is a well established high power 

Ti:Sapphire system based on CPA technology. This laser 

system consists of a commercial front-end including a 

Ti:Sapphire mode-locked oscillator and a 9-pass Ti:Sapphire 

amplifier (Femtolaser) operated at 1kHz; a grating pulse 

stretcher; a chain of three multi-pass Ti:Sapphire amplifiers 

working at a repetition rate of 10Hz and final recompression by 

a pair of gratings.  Pulses of duration ~45fs at energies up to 

0.7J was delivered at 10Hz. An acoustic-optic programmable 

dispersive filter (AOPDF, Dazzler) is also used in the front end 

to control the overall spectral bandwidth and compensate the 

residual high order phase. Detailed information on 

configurations, geometries and specifications of the Astra laser 

facility can be found elsewhere [3-4]. 

In order to improve the contrast of the laser pulse to meet the 

requirement for high field laser-matter interaction applications, 

we undertook an extensive study of temporal profile of the 

Astra laser pulse. Initially, the temporal profile of the pulse 

from the existing system was measured with a commercial 

third-order auto-correlator (SEQUOIA) to provide a baseline of 

comparison for further optimisation and improvement. A typical 

contrast measurement of the Astra laser pulse is shown in 

Figure 1.  

 

Fig.1 Typical temporal profile of the Astra pulse 

As seen, the background noise level of the laser pulse on the ns 

timescale is in the region of ~3x10-9 compared with the main 

peak, corresponding to an incoherent ASE contrast of ~3x108. 

The pyramid shaped pedestal in the time range of ~15ps close 

to the main peak has a relatively high intensity up to ~3x10-5 

with respect to the main peak, corresponding to a coherent 

contrast of ~3x104. There are also some sub-peak prepulses 

presented in the temporal profile, which will be discussed in the 

later section of this report.  

For a designed intensity specification of Astra-Gemini laser at 

~1022W/cm2, the incoherent ASE and coherent contrast of the 

existing laser system represent prepulse intensity at 

~1013W/cm2 and 1017W/cm2, respectively, which well exceeds 

the intensity threshold for plasma formation at ~1010 W/cm2. 

Therefore, minimising the ASE background noise level was one 

of the major concerns of this investigation. 

Various techniques have been investigated for possible 

improvement in the temporal quality. Firstly, a near-diffraction 

limited spatial filter has been implemented between the 

stretcher and the first amplifier (AMP1), in conjunction with a 

near-field aperture, to clean up any stray light into the amplifier. 

The measurement showed that there was no impact on the 

temporal contrast by either spatial filter or near-field aperture or 

both. Secondly, the extinction ratio of the fast pockel cell 

between the front-end and the stretcher has been optimised and 

improved by nearly one order of magnitude by using better 

quality polarisers. In addition, the original gold-coated back 

mirror in the stretcher was replaced by a dielectric-coated one to 

minimise losses and scattering due to the degradation of the 
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gold coating. Unfortunately, all these changes produced no 

observable impact on the contrast. 

For an extreme power CPA laser system such as Astra-Gemini, 

the front-end provides the seed pulse for the subsequent 

amplifiers for further pulse energy amplification. Meanwhile 

the front-end has an amplification gain of >106, representing the 

highest gain section of the whole system. This implies that the 

ASE noise has been amplified the most in this section as well. 

Reducing the ASE noise level in the front-end system should 

therefore reduce the overall ASE background level of the whole 

system.  To fulfil this task, the front-end system was upgraded 

by replacing the original JADE1 pump laser by a JADE2 for 

more reliable and stable operation. During this upgrade and 

system optimization, the Dazzler was relocated to a position 

after the first four passes of the multi-pass amplifier, and the 

Berek polarization compensator was removed altogether. The 

effect of these changes was to enhance the extinction ratio by a 

factor of up to 10, thereby significantly suppressing the 

intracavity ASE and enhancing the temporal contrast. 

 

Fig.2 Front-end Contrast before and after upgrading 

The output pulse from the front-end was directly recompressed 

to near transform limit by a prism compressor and the temporal 

contrast was measured with the Sequoia. Figure 2 shows the 

contrast measurement of the front-end before and after 

upgrading.  It is clear that the ASE contrast has been improved 

by almost one order of magnitude. The contrast of the Astra-

Gemini pulse was measured again after the front-end upgrading, 

and the result is shown in Figure 3. It is evident that the overall 

incoherent and coherent contrast of the Astra-Gemini laser 

pulse was enhanced by nearly one order of magnitude due to 

cleaner seed pulses delivered from the upgraded front-end.  

 

Fig.3 Overall contrast before and after front-end upgrading 

As mentioned before and seen in Fig.1, there are a number of 

sub-peak prepulses appearing in the time range of up to ~200ps 

prior to the main pulse.  Unlike the incoherent and coherent 

pedestal prepulse, the sub-peak prepulses are replicas of the 

main pulse at much reduced intensity. They are much shorter 

than the ASE and coherent pedestals discussed above. The 

replica prepulses are usually generated by internal multiple 

reflections in various optical components, such as windows, 

lenses, polarisers and Ti:sapphire crystals, throughout the laser 

system. It is well-known that the post-pulse at a certain 

temporal displacement with respect to the main pulse is 

generated at much reduced intensity by the internal Fresnel 

reflections even when the surfaces have antireflection coatings. 

The stretched, chirped post-pulse with a time separation from 

the main pulse less than the stretched pulse duration will be 

coupled with the chirped main pulse, producing both temporal 

and spectral modulation by interference. Any non-linear 

distortion of this modulation by high B-integral will generate 

new satellites after recompression. As a result, a counterpart 

prepulse of the post-pulse will appear before the main pulse 

when the pulse is compressed.  The intensity of this prepulse is 

given by ~0.6B2 W, where B is the B-integral of the main pulse 

and W the intensity of the post-pulse [9]. Similar prepulses 

appear in contrast traces of many CPA systems, and are 

frequently (and wrongly) dismissed as artefacts of the 

measurement. 

The replica prepulse can also affect the high field laser-matter 

interaction experiment dramatically by preheating or pre-

ionizing the solid targets, and ideally should be suppressed and 

ultimately eliminated.  To provide a cleaner and higher 

temporal quality pulse, a number of components in Astra with 

broadband antireflection coatings were replaced by optics 

having V-coatings, which typically have reflectivities of 0.1 to 

0.2%, compared with around 1% for broadband coatings.  By 

making these substitutions, some of the replica post-pulses and 

their counterpart pre-pulses were reduced by a factor of ~100, 

as shown in Figure 4. 

 

Fig.4 Replica pre-pulse reduction in the temporal profile 

Conclusions 

The temporal profile of Astra-Gemini laser pulse was 

extensively investigated under various conditions.  The 

background contrast of the laser pulse was enhanced by nearly 

an order of magnitude by upgrading and optimizing the 

commercial front-end to provide a cleaner seed pulse. Some of 

the replica pre-pulses were reduced or eliminated by the use of 

components with better quality antireflection coatings.   
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