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ABSTRACT 
 
A repetitive petawatt-class Ti:sapphire laser system operating with high spatial and temporal beam quality is 
demonstrated. Maximum pulse energy of 30 J is obtained via five multi-pass amplification stages. Closed-loop feedback 
control systems in the temporal and spatial domains are used to yield Fourier-transform-limited pulse duration (33.7 fs), 
and diffraction-limited focal spot sizes (with several different tight focusing optics). The laser parameters have been fully 
characterized at high-power, and are monitored in real-time, to ensure that they meet the experimental requirements for 
laser-wakefield electron acceleration and x-ray generation.    
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1. INTRODUCTION 
 
The application of the techniques of chirped-pulse amplification (CPA)1 and Kerr-lens modelocking2 to solid-state lasers 
has led to compact and robust systems capable of >1-petawatt peak power, and focused intensity of >1021 W/cm2.3‐5 This 
has created new research opportunities over a wide range of scientific disciplines. For instance, such high power lasers 
can now be used to accelerate electrons to near GeV energy over just a centimeter-scale distance, via the mechanism of 
laser-wakefield acceleration (LWFA).6,  7 In order to optimize the focused intensity, which is critical for numerous 
applications, including LWFA, the quality of laser beam—both spatially as well as temporally—should be as high as 
possible.  For high peak-power laser beams, the preservation of high beam quality requires, among other measures, 
avoidance of deleterious nonlinear effects, which can arise from propagation through atmospheric pressure air. For this 
reason, grating pulse compressors are generally operated only under vacuum conditions, as are high-field interaction 
experiments that make use of the compressed beam.  However, optical systems necessary for measurement and assurance 
of beam quality at the interaction point are not designed to be compatible with operation under vacuum conditions.   
 
The spatial quality of the amplified beam comprises both the near- and far-field spatial distributions. The former is a 
concern for the safety of the optics, especially for the compressor gratings, which have a relatively low damage threshold.  
A homogenizer to smooth the spatial distribution of the laser pump beam is often implemented in order to obtain a 
flattop spatial distribution of the amplified beam. A flat and uniform wavefront is also required in order to obtain a 
diffraction-limited focal spot.8 Optical aberration in the amplification chain and thermally induced distortion are the 
main sources for wavefront deterioration. An adaptive optical system can both measure and correct the wavefront 
distortion. Chromatic aberrations can also be minimized by implementation of all-reflective optics or an achromatic lens 
in the final beam expander.  
 
Because the temporal quality of the amplified beam is strongly affected by chromatic dispersion in CPA laser systems, it 
needs to be precisely controlled and minimized.  Flat spectral phase over the entire spectral range is requisite for Fourier-
transform-limited pulses. In a CPA laser system, the dispersion mismatch among the stretcher, any transmissive 
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materials, and the compressor prevents the ideal compression of the laser pulses. In a mJ-level CPA laser system, the 
dispersion can be managed to match, up to fourth order, by designing the system to have the grating line density in the 
stretcher be different from that in the compressor.9 However, it is difficult to completely eliminate high-order dispersion, 
which deteriorates the temporal intensity contrast. An adaptive spectral phase closed-loop system in the temporal domain 
can measure and compensate all the residual dispersion. 
 
Laser parameters are typically measured using a low-power beam obtained by sampling the high-power laser output. 
However, the parameters measured under these conditions do not generally represent well the beam parameters at high 
power and under vacuum conditions.  Moreover, it is important for experiments to establish the point at which the pulse 
has zero-frequency chirp. We report a closed-loop-spectral control system to obtain transform-limited pulses at the 100-
TW peak power level, on target, and in vacuum. This allows the optimal pulse duration and focal spot to be obtained, 
which enables the highest intensity to be achieved, as well as the effects of optical phase to be investigated, in various 
high-field experiments. 
 
The organization of the paper is as follows. In Section 2, we describe the petawatt-class laser (Diocles) at the University 
of Nebraska, Lincoln. In Sections 3 and 4, we discuss our achievement of both a diffraction-limited focal spot, and 
transform-limited pulse duration, by making use of two closed loops, one in the spatial domain, and another in the 
temporal domain. The summary follows in Section 5. 

 
 

Table 1: Specifications of the 100-TW and petawatt beamlines. 

 

Parameter 100 TW PW

Energy 3.5J (compressed)  30 J (compressed) 
Peak power >100TW 1 petawatt

Repetition rate 10Hz  0.1 Hz

Pulse duration (FWHM) ~30fs (transform limit) ~30 fs

Beam diameter 75mm 175 mm

Pointing stability 3.5μrad < 10 μrad

Temporal contrast 10
-8 

(ns); 10
-7 

(ps) 10
-8 

(ns); 10
-7 

(ps) 
Spatial profile Flat-top (near field)

Diffraction-limited (far field) 
Flat-top (near field) 
9.9×8µm (FWHM) by f/6 OAP 

Long-term energy stability 1% RMS (1 hours) < 10 % (8 hours) 
 
 

2. OVERVIEW of PETAWATT-CLASS LASER SYSTEM 
 
The Diocles laser system consists of two beam lines (100-TW and petawatt) with different energy scales. The 100-
TW system was built in collaboration with THALES LASERS. It is a CPA laser system, seeded by an ultra-short 
broadband nano-joule oscillator (SYNERGY, FEMTOLASERS, Inc.) at 76 MHz with pulse duration of 12 fs. An 
acoustic-optical programmable dispersion filter (AOPDF) (DAZZLER, FASTLITE, Inc.) is installed before the 
stretcher. The AOPDF is used to modify the spectrum of the seed pulse into the amplifier in order to minimize the 
gain narrowing effect, as well as compensate residual chromatic dispersion. The repetition rate of the pulses is 
stepped down to 1 kHz by the AOPDF. An Offner-type stretcher expands the femtosecond pulse to 500 ps in order 
to avoid the nonlinear effect and damage especially in the final amplification stages for petawatt beamline.  The 
stretched pulse is then amplified to 1.3 mJ in a 1 kHz nine-pass amplifier (FEMTOPOWER, FEMTOLASERS, Inc.) 
pumped by a 9 mJ intra-cavity frequency doubled Nd:YLF laser (JADE, THALES LASERS). An electro-optic pulse 
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