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Abstract 
The repeatability of laser proton accelerator is mainly 

limited by laser plasma interaction, laser target coupling 
and laser parameter variation. In our recent experiments 
performed on the Compact Laser Plasma Accelerator at 
Peking University, gain of proton beams with improved 
repeatability is demonstrated. In order to control the laser 
plasma interaction in pre-plasma, cross polarized-wave 
generation technique is employed to provide a laser pulse 
with an ultrahigh contrast of 10-10. A semi-automatic laser 
and target alignment system with a sensitivity of few 
microns is employed. The repetition rate of the laser pro-
ton accelerator is at the level of 0.1 Hz which is beneficial 
to decrease laser parameter variation. The shot-to-shot 
variation of proton energies is about 9% for a level of 
confidence of 0.95. 

INTRODUCTION 
Thanks to the development of laser technologies, laser 

plasma accelerators have made great progress since first 
proposed in 1979 [1]. Several main laser proton accelera-
tion mechanisms have been studied theoretically and 
experimentally, such as target normal sheath acceleration 
(TNSA) [2-4], radiation pressure acceleration (RPA) [5-
7], collisionless shock acceleration (CSA) [8, 9] and 
break-out afterburner acceleration (BOA) [10]. Genera-
tion of 93 MeV proton beams using femtosecond laser 
pulse has been reported in 2016 [7].  

Laser proton accelerators are attractive for building 
compact particle accelerators, since they have three orders 
higher acceleration gradient compared to conventional 
accelerators. Proton beams gained from laser proton ac-
celerators have the advantages of short duration, small 
emittance and extreme brightness, which make them 
suitable for wide potential applications including cancer 
therapy [11], proton imaging [12], nuclear reactions [13] 
and injectors for conventional accelerators [14]. However, 
current laser-driven proton beams show wide energy 
spread and poor repeatability, which limit those applica-
tion [15]. Great efforts have been made in improving the 
repeatability of laser proton accelerators [16-18]. Recent-
ly Y. Gao et al. have demonstrated experiments with 0.5 
Hz repetition rate and realized shot-to-shot variation of 
about 27% for a level of confidence of 0.95 [19].  

The shot-to-shot variations of laser-driven proton 
beams are mainly due to instabilities in laser plasma in-
teraction, inaccuracies from laser target coupling and 
fluctuations of laser parameters. In our recent experiments 
performed on the Compact Laser Plasma Accelerator 
(CLAPA) at Peking University [20, 21], gain of proton 
beams with improved repeatability is demonstrated. Fig-

ure 1 shows the layout of our laser proton acceleration 
system. With the help of cross polarized-wave (XPW) 
system for pulse cleaning, the laser pulse’s nanosecond 
contrast is at the level of 10-10. A semi-automatic target 
alignment system with a sensitivity of 5 μm is employed 
to ensure the laser target coupling accuracy. Recently, the 
shot-to-shot variation of the cut-off proton energies has 
been reduced to about 9% for a level of confidence of 
0.95. 

 
Figure 1: Layout of the CLAPA laser proton acceleration 
system.  

CLAPA LASER SYSTEM 
The CLAPA laser system is based on Ti: Sapphire with 

double CPA structure. The laser pulse has a central wave-
length of 800 nm and a bandwidth of 45 nm. KHz pulses 
are generated through the first stage of CPA from an 82 
MHz oscillator. In order to enhance the laser temporal 
contrast, XPW system for pulse cleaning is employed 
before the second CPA stage. A pulse with total energy of 
7 J can be achieved in the output of the last amplifier, 
which is then sent into a vacuum compressor. A deforma-
ble mirror is mounted before the compressor to correct 
wavefront aberrations. Finally, a 5 J laser pulse with full 
width at half maximum (FWHM) pulse duration of 25 fs 
can be achieved. Measurements using free space InGaAs 
detector with a high speed oscilloscope show that the 
laser pulse’s nanosecond contrast is at the level of 10-10. 
Picosecond time scale contrast was measured using a 
third order scanning autocorrelator. The results show that 
the laser contrast is 10-10 at 40 ps before the main pulse 
and prepulses appear at -38 ps as well as -19 ps with con-
trast 10-9. The shot-to-shot fluctuations of laser pulse 
energy are less than 2% in our 5 Hz repetition frequency 
tests.  
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TARGET ALIGNMENT SYSTEM 
Several alignment techniques, for instance, microscope 

system [18], transverse optical shadowgraphy [22] and 
retro-focusing technique [23] have been proposed for 
precise laser target coupling. In our experiment, we em-
ploy a target alignment system consisting of two main 
components: one target part and one microscope part.  
The target part is a special-designed target wheel con-
trolled by five-axis motorized stages. Figure 2 displays 
the schematic of the microscope system controlled by 
three-axis motorized linear stages. A 50-fold long work-
ing distance microscopic objective is employed to acquire 
magnifying images of the target rear surface. Two differ-
ent magnifications 10-fold (CCD1) and 50-fold (CCD2) 
can be achieved simultaneously with the help of a beam 
splitter.  The 10-fold camera has the advantage of larger 
field of view, which is beneficial for seeking the laser 
spot. At the same time, the 50-fold camera is employed 
for laser spot optimization and high precision laser target 
coupling.  

 
Figure 2: Schematic of the microscope system. The omit-
ted unit is millimetre. Two different magnifications 10-
fold (CCD1) and 50-fold (CCD2) can be achieved simul-
taneously with the help of a beam splitter. 

Real picture of the target alignment system is shown in 
Fig. 3. Laser target coupling is realized by three steps. 
Firstly, the microscope system should be moved to a 
reference position based on the Thomson parabola spec-
trometer. Secondly, we move every target to the focal 
plane of the objective. Images of the target rear surface 
with different target thicknesses and materials are shown 
in Fig. 4. Thirdly, the off axis parabolic (OAP) mirror is 
optimized to position the laser waist on the focal plane.  

The target alignment system is hidden in a safe place 
during shots. We have improved the repetition rate by 
recording the coordinates of all targets ahead of the first 
shot. What we should do before a shot is just moving the 
target wheel. However, a two-stage laser shutter system is 
employed for the sake of safety, which limits the further 
improvement of repetition rate. New shutter system is in 
development to resolve this problem.  

 
Figure 3: Real picture of the target alignment system. 

 
Figure 4: Images of the target rear surface. (a. 1.2 μm 
thick aluminium target, (b. 2.5 μm thick aluminium target, 
(c. 3 μm thick titanium target, (d. 50 nm thick diamond-
like carbon target, respectively. The scales of the figures 
are the same.  

The main source of uncertainty between target and la-
ser waist is due to the objective’s depth of focus and the 
laser’s angle of incidence. The precision of the target 
alignment system is within 5 μm. 

 
Figure 5: Target chamber for laser proton acceleration. 
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EXPERIMENT RESULTS 
Preliminary experiment has been performed to study 

the repeatability of laser-driven proton beams. The exper-
imental arrangement is shown in the Fig. 5. A p-
polarized, 25 fs and energy of nearly 0.8 J laser pulse was 
focused using an f/3.5 OAP on a 0.8 μm thick aluminium 
target at an angle of 45°.  The repetition period is 30 sec-
onds per shot.  

The results of 17 continuous shots are displayed in Fig. 
6. Proton beams with average cut-off energy of 4.5 MeV 
and shot-to-shot variation of about 9% have been demon-
strated.  
 

 
Figure 6: The shot-to-shot results of proton cut-off ener-
gy. 

CONCLUSION 
In conclusion, we have performed experiments with 

improved repeatability on the laser proton accelerator at 
Peking University. Thanks to the ultrahigh laser contrast, 
the accurate target alignment system and the high repeti-
tion rate, 9% shot-to-shot variation of proton energies has 
been successfully demonstrated. 
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