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The development of compact high-intensity lasers, made possible by the technique of chirped 
pulse amplification, is reviewed. This includes the complexities of high-power laser 
implementation, such as the generation of short pulses, pulse cleaning, wide-bandwidth 
amplification, temporal stretching and compression, and the requirements for high-average 
powers. Details of specific solid-state laser systems are given. Some applications of 
these lasers to short-pulse coherent short-wavelength [x-ray ultraviolet (XUV)] sources are 
also reviewed. This includes several nonlinear effects observed by focusing a 
subpicosecond laser into a gas; namely, an anomalous scaling of harmonic generation in 
atomic media, an upper limit on the conversion efficiency of relativistic harmonics in a plasma, 
and the observation of short-pulse self-focusing and multifoci formation. Finally, the 
effects of large ponderomotive pressures (100 Mbars) in short-pulse high-intensity 
laser-plasma interactions are discussed, with relevance both to recombination x-ray lasers and 
a novel method of igniting thermonuclear fusion. 

I. INTRODUCTION 
It is now possible with the technique of chirped pulse 

amplification to build compact solid-state lasers that pro- 
duce ultrashort pulses with intensities three to four orders 
of magnitude higher than was previously possible. These 
pulses have multiterawatt peak power, and when focused 
can produce intensities in the range of lo’* W/cm*. The 
electric field at the laser focus at this intensity is approxi- 
mately 3 X 10” V/cm. Since this greatly exceeds the Cou- 
lomb electric field seen by the valence electrons, it results 
in both collisionless ionization without tunneling, and 
highly nonlinear interactions with bound electrons. For 1 
pm light, the field is high enough, in fact, to cause plasma 
electrons to oscillate at relativistic velocities, and thus ex- 
hibit highly nonlinear motion due to the magnetic compo- 
nent of the Lorentz force. For the first time, this allows the 
study of nonlinear optics involving free electrons. These 
pulses also have extremely short time durations, in the 
range of 100 fsec to 1 psec. Since this is shorter than the 
timescales of either significant hydrodynamic motion or 
thermal equilibration, short-scale length, solid-density, and 
nonequilibrium plasmas may be produced. Furthermore, 
the high-average powers of these lasers make possible the 
use of sampling techniques to study inherently statistical 
phenomena. Applications of these novel laser interactions 
include the generation of coherent x-ray ultraviolet 
(XUV) radiation, the ignition of laser-fusion targets, and 
the acceleration of electrons. In this paper, we will present 
the state-of-the-art for ultraintense laser pulse generation 
using chirped pulse amplification, and discuss some of their 
current and potential applications in the field of-what has 
become known as-high-field science. Most of the work 
that will be discussed is ongoing at the National Science 
Foundation Center for Ultrafast Optical Sciences 
(CUOS). 

*Paper 4IG4, Bull. Am. Phys. Sot. 36, 2374 (1991). 
‘Invited speaker. 

The paper is divided into two major sections: one de- 
scribing issues in the development of high-intensity lasers 
(Sec. II) and the other, their applications to high-field 
science (Sec. III). We begin with a general discussion of 
chirped pulse amplification in Sec. II A, followed in Sec. 
II B by a specific discussion of the important issues in- 
volved its implementation: the generation of clean pulses, 
stretching and compression, and large-bandwidth amplifi- 
cation. In Sec. II C, we will discuss current and future 
high-average-power systems. Section III begins with an 
overview of the applications of these lasers (Sec. III A), 
discussing in particular their relationship to laser intensity 
and pulse width. We then discuss some specific applica- 
tions: harmonic generation in atomic and ionized media 
(Sec. III B), self-focusing and multifocus formation (Sec. 
III C), and finally, the dominance of light pressure in the 
dynamics of high-intensity laser-plasma interactions (Sec. 
III D). 

II. HIGH-INTENSITY LASER DEVELOPMENT 

It is a tribute to scientific and engineering ingenuity 
that-due to a series of breakthroughs-the laser has, since 
its inception, produced ever higher power pulses. In 1960, 
free-running lasers were capable of delivering kilowatt 
pulses. A few years later, Q-switching made the generation 
of power into the megawatt regime possible. Finally, in 
1965, gigawatt pulses were demonstrated by using mode- 
locking techniques (see Fig. 1). Given this rapid rate of 
development, it was reasonable to expect that by the end of 
the 196Os, new theoretically predicted phenomena would 
be observable experimentally as terawatt pulses became 
available. Unfortunately, these early hopes did not materi- 
alize. For more than 20 years, the peak power of compact 
solid-state laser systems remained at the gigawatt level. 
This situation, however, changed in 1985, after the first 
demonstration of a new type of amplification technique, 
namely, chirped pulse amplification (CPA).’ Now that la- 
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FIG. 1. Peak-power capability of small aperture [@cm*)] laser amplifiers 
has increased stepwise through the years. 

sers employing this technique have become readily avail- 
able, a new era of discovery-similar to that following the 
invention of the laser itself-has begun. Other high- 
intensity laser systems not employing CPA will not be dis- 
cussed, since they do not use solid-state materials, and thus 
do not qualify as compact. 

A. Chirped pulse amplification 

The amplification of short optical pulses to high- 
energy levels requires the fulfillment of three conditions. 
First, the bandwidth of the gain medium should be broad 
enough to accommodate the laser pulse spectrum. Second, 
the amplifying medium should have superior energy stor- 
age. Third, the laser intensity should be kept low enough to 
avoid nonlinear wave-front distortion. 

The first condition originates from both the relation- 
ship between the laser pulse width and its bandwidth, given 
by the Fourier transform, and gain narrowing due to the 
finite bandwidth of the amplifier. The former is given by 
the relation Avr-0.5, where Av is the bandwidth and r is 
the pulse duration. If it were not for gain narrowing, this 
would correspond to a lower limit on the wavelength band- 
width of 16 A for a 1 pm picosecond pulse. However, 
because of the frequency dependence of the gain medium, 
the various frequencies that comprise the laser pulse are 
unequally amplified, leading to a reduction of the pulse 
bandwidth (gain narrowing), and, consequently, to an in- 
crease of the output pulse duration. For a 1 pm picosecond 
pulse, gain narrowing imposes a lower limit on the gain 
bandwidth of several hundred angstroms. 

The second has to do with energy storage and efficient 
energy extraction. The latter requires an input fluence of 
the order of the saturation fluence F, to efficiently extract 
the energy stored in the amplifying medium I;; = hv/a, 
where h is Planck’s constant, Y is the frequency of light, 
and D is the stimulated emission cross section. For exam- 
ple, the saturation fluence of dyes and excimers, due to the 
large emission cross section, is of the order of mJ/cm2. On 
the other hand, it is much larger, i.e., of the order of 1 
J/cm*, for media such as Nd:glass, Ti:sapphire (Ti: 
A1203), and alexandrite, which have low emission cross 
sections. For a pulse of duration r= 1 psec, this fluence 

corresponds to intensity level I=F/r of 1 GW/cm* for 
dyes and excimers and 1 TW/cm2 for Nd:glass, Ti:sap- 
phire, and alexandrite. 

The third amplification condition, that the laser inten- 
sity should be kept low enough to avoid nonlinear wave- 
front distortion, imposes an upper limit on the laser pulse 
intensity. This limit stems from the intensity-dependent 
index of refraction leading to nonlinear wave-front distor- 
tion of the beam. The spatial inhomogeneities on the beam 
will grow at an exponential rate g given by the gain 
coefficient2 

g= (k/no) (/2/27rL)B, (1) 

for k < 300 cm- ‘, where k is the spatial wave number, il 
the light wavelength, no the medium index of refraction, 
and L the length of the optical medium. The number of 
waves of nonlinear phase shift accumulated in traversing 
the amplifying medium is usually expressed by the factor B 
given by 

2n L 
B=z& 0 s 

n2~(zb-k (2) 

where n2 is the nonlinear index of refraction. To maintain 
the beam quality, it is essential to keep B to a minimum. A 
common practice in laser-fusion class systems, is to spa- 
tially filter the beam whenever the value of B reaches 3-4,3 
corresponding to an accumulated wave-front distortion of 
approximately i1/2. However, for short-pulse applications, 
where the highest on-target intensities are required, the 
beam quality requirements are more stringent, and a new 
criterion needs to be used. An expression exists, attributed 
to Marechal,4 that defines the peak of the intensity Ip at the 
diffraction focus when the aberrations are sufficiently 
small. For the aberrations produced by nonlinear effects, 
this expression becomes 

I/,- 1 - B2. (3) 

For a B=0.7, the intensity at focus will be reduced by a 
factor of 2. In order to generate a high-spatial quality 
beam, it is imperative to keep the intensity below this limit. 
Using conventional techniques, this condition could only 
be met in poor energy storage media, e.g., dyes and exci- 
mers, where the input intensity can easily be kept below 
this level without sacrificing energy extraction. On the 
other hand, for materials with good energy storage char- 
acteristics such as Nd:glass, Ti:sapphire, alexandrite, and 
Li:SaF, input fluence on the order of a J/cm2 is necessary 
to achieve efficient extraction. For example, for pulses of 
the order of 1 psec or less, that means intensities of the 
order of TW/cm’, which is by far above the acceptable 
level to maintain adequate beam quality. This stored en- 
ergy, however, can be extracted by&t stretching, then am- 
plifying, and jinally compressing the short pulse, in a tech- 
nique known as chirped pulse amplijication (see Fig. 2). We 
notice that, by stretching the pulse, we keep the input flu- 
ence constant while reducing the intensity. 

The first terawatt level pulses produced using this tech- 
nique were demonstrated by Maine et al.’ Since then, CPA 
has been used successfully on larger laser systems in the 
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FIG. 2. In chirped pulse amplification, the pulse is temporally stretched 
in order to the lower peak intensity before amplification. After the stored 
energy is extracted from the amplifier, the pulse is temporally compressed 
to the initial duration. This allows the use of high-energy-storage mate- 
rials for short-pulse amplification. 

U.S.A. (10 TW),5 France (20 TW),6 and Japan (30 
TW).’ See other articles in this issue for details, including 
a discussion by Watteau et al. of the 20 TW laser system 
built at the CEA-Limeil in France in collaboration with 
the CUOS. 

B. Tabletop terawatt (p) lasers 

The CPA technique requires some impressive pulse 
manipulations: first, the generation of an extremely tempo- 
rally clean short pulse; second, a stretching of this pulse by 

1000 to 12 000 times; third, an amplification by a factor of 
lo*‘, without pulse spectrum degradation; and finally, a 
pulse recompression by another factor of 1000 to 12 000 
times. After all these elaborate manipulations, the laser 
pulse has to be close to diffraction limit, as short as the 
initial pulse, and still be temporally clean with a peak-to- 
background of at least 106: 1. We will now discuss in detail 
each of these problems and their solutions. 

1. The generation of ultraclean pulses 

These solutions are presently embodied in a 1.6 TW 
Ti:sapphire/Nd:glass system that is currently in operation 
at CUOS.8 A schematic of the front end of the laser system 
is shown in Fig. 3. The laser produces 640 mJ in 400 fsec 
pulses at 1.05 pm with an intensity contrast ratio of 5 
X 105:1. The system consists of a 100 MHz mode-locked 
Nd:YLF oscillator producing 40 psec pulses. The output is 
sent into an 800 m, single-mode fiber. Through self-phase 
modulation and group velocity dispersion, the bandwidth 
and pulse width are increased to 42 A and 110 psec, re- 
spectively. The pulse is then recompressed and sent to a 
pulse cleaner to improve the contrast ratio.’ A high con- 
trast is required to prevent the formation of a preplasma 
during the experiment. The pulse cleaner consists of a bi- 
refringent fiber between high-quality polarizers3 Owing to 
the nonlinear index of refraction in the fiber, the state of 
polarization of the light becomes intensity dependent. This 
can be used to discriminate between the low- and the high- 
intensity part of the pulse with a discrimination ratio of 
106:1. Since the threshold for preplasma formation is 
- lo’* W/cm2,1o this allows intensities up to lOI W/cm* 
to be used in experiments. The transmission of the pulse 
cleaner for high intensity is of order unity. The pulse after 
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FIG. 3. Schematic of the front end of a CPA-based Nd:glass laser system configuration. 
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FIG. 4. A high dynamic range autocorrelation measurement: (a) after 
the first compression stage (TV = 700 fsec); (b) same with a hard aperture 
for spectral windowing in the grating compressor; (c) direct output from 
the pulse cleaner; (d) after second compression stage (TV = 200 fsec). 

the grating-pair compressor has been measured over eight 
orders of magnitude with a high-dynamic range autocorr- 
elator. Figure 4 shows the spectacular improvement that 
can be obtained by using this pulse cleaning technique. 
This technique departs from previously demonstrated ones, 
which use either Pockels cells’ or saturable absorbers.” It 
is purely passive with a femtosecond-time response, unlike 
Pockels cells, and does not degrade the beam, unlike satu- 
rable absorbers. 

This technique may be further enhanced by the re- 
placement of the Nd:YLF oscillator with either a Kerr lens 
mode-locked Ti:sapphire oscillator, ‘* or a Nd-doped-fiber 
oscillator.13 Both of these have been shown to produce 100 
fsec pulses at a wavelength of 1 pm, thus eliminating the 
need for fiber stretching. The pulses, once produced by the 
oscillator, can be further cleaned by the pulse cleaner. In 
this way, contrast ratios of greater than 10” should be 
obtainable. 

2. Pulse stretching and compression 

Before amplification, the pulse must be stretched. For 
a large stretcher/compressor ratio R, the group-velocity 
dispersion of the fiber cannot be used for stretching be- 
cause it cannot be exactly compensated (over all orders) 
by that of the grating pair compression stage. The mis- 
matching between the two group velocity dispersions can 
lead to some unacceptable background [see Fig. 4(a)]. In 
1987, Martinez proposed a grating pair compressor com- 
posed of gratings in an antiparallel configuration to com- 
press pulses between 1.3 and 1.6 pm, stretched by negative 
group velocity dispersion in the fiber.14 We demonstrated15 
that this grating configuration could also be used as a 
matched stretcher for our applications, with wavelengths 
shorter than 1.3 pm. We also demonstrated16 that this 
grating-based stretcher/compressor system was matched 
to second order even for R > 104, a remarkable improve- 
ment over the initial fiber stretcher/grating compressor, 

which was limited to an R < 100. It is now one of the basic 
components of the CPA technique. 

3. Large-bandwidth amplification 
The stretched pulse is amplified before compression 

from the subnanojoule to the joule level, which is a factor 
of more that ten orders of magnitude. Our initial T3 system 
was composed entirely of Nd:glass amplifiers, which have 
relatively narrow gain bandwidth [ ( M)g = 250 A], limit- 
ing the final pulse duration to approximately 1 psec. Most 
of the gain narrowing occurs at the front end of our am- 
plifier system, where the pulse is amplified by a regenera- 
tive amplifier from the subnanojoule to the millijoule level 
(gain of 10’). This problem was recognized early, and we 
proposed” to use a combination of Nd:glass to broaden the 
gain bandwidth, a suggestion that was eventually used by 
others.18 We later replaced the Nd:glass by Ti:sapphire in 
the regenerative amplifier.” Ti:sapphire has an extraordi- 
nary large gain bandwidth [(M), - 2000 A] centered at 
8000 A and extending up to 1 ,um. By this replacement, the 
gain-bandwidth problem encountered with Nd:glass is 
completely eliminated, and the final pulse width is limited 
only by the subsequent amplification stages, which only 
amplify the pulse by a factor of 103, from the millijoule to 
the joule level. After the last amplifier ( 16 mm diam) the 
pulse has a duration of 1 nsec and an energy level of 1 J. 
Finally, the pulse is compressed by a double-pass grating 
system that is matched with the grating pulse stretcher.’ In 
order to achieve the transform-limited pulse duration, the 
angles of incidence of the beam on the gratings have to be 
identical to within a tolerance of much less than a degree, 
with the required accuracy increasing with decreasing 
pulse width. 

After compression, the pulse is 400 fsec in duration 
and has 600 mJ of energy, the latter being limited only by 
the size of the final amplifier and compression gratings. 
This exceeds a power of 1 TW. The pulse contrast is mea- 
sured by a third-order autocorrelator*’ to be better than 
105:1 (see Fig. 4). The beam spatial quality has been mea- 
sured to be better than twice diffraction limited. At this 
power level, beam spatial quality is limited not so much by 
the laser but by the nonlinear propagation in air to the 
experimental chamber. We are currently working on in- 
stalling vacuum beam lines to mitigate this problem. 

C. Higher-average powers 

7. Kilohertz repetition rates 
One of the main advantages of the CPA technique is 

that it has made high peak power lasers available, because 
of their compact size, to a wider research community than 
before, when their availability was confined to large na- 
tional labs. Thus their applications, including compact co- 
herent x-ray sources, will extend to hospitals, universities, 
and research laboratories worldwide. For many applica- 
tions in which sampling and averaging techniques are used, 
high-average powers are required. Toward this end, paral- 

2318 Phys. Fluids B, Vol. 4, NO. 7, July 1992 G. Mourou and D. Umstadter 2318 Downloaded 12 May 2003 to 141.213.19.36. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



lel to the glass laser development discussed in Sec. II B, we 
have built CPA systems that use exclusively Ti:sapphire 
oscillators and amplifiers. While they cannot match the 
glass lasers in energy per pulse, these systems take advan- 
tage of the large bandwidth of Ti:sapphire to both generate 
and amplify 100 fsec pulses up to the 100 mJ level, and do 
so at 10 Hz.21p22 Although this permits TW power levels at 
300 times the repetition rate of the glass system, the energy 
per pulse of this system is inherently limited by the short 
upper-level lifetime of 3 psec. At even higher repetition 
rates, a multikilohertz Ti:sapphire (Ti:A1203) amplifier for 
high-power femtosecond pulses has been demonstrated at 
CUOS.23 The Ti:A1203 regenerative amplifier is pumped 
with a frequency-doubled Nd:YLF oscillator. At a 1 kHz 
repetition rate, the laser produces 1 mJ per pulse, and at a 
7 kHz rate, it produces 85 PJ per pulse. This corresponds 
to a 1 W average power, which is two orders of magnitude 
above dye amplifier systems operating at equivalent repe- 
tition rates. The pulse width is 150 fsec, independent of the 
repetition rate. At the present time, work is being done to 
extend both the repetition rate and energy per pulse of this 
system. 

2. Toward 70 TW fablefop (P) systems at a hertz 

For applications requiring both high-average powers 
and energetic pulses, two laser-pumped systems, alexan- 
drite-pumped Nd:glass and alexandrite-pumped 
Cr:LiSAF, are under development.24 Flashlamp-pumped 
glass systems provided the necessary energies, on the order 
of a joule, but are limited in repetition rate because of 
thermal effects. Laser pumping can deposit the pump en- 
ergy more efficiently. For instance, the average power of 
the current flashlamp-pumped T3 system is on the order of 
30 mW. On the other hand, we are developing an 
alexandrite-pumped T3 Nd:glass system, which will poten- 
tially have an average power of l-10 W. Several factors 
make these combinations of solid-state materials well 
matched. First, the Nd:glass has a long upper-level life- 
time, ranging from 300-500 psec, which is well matched to 
the pulse width of free-running alexandrite, 100 psec. Sec- 
ond, good optical quality Nd:glass covering the spectrum 
from 1.04-1.09 pm can be obtained, making possible the 
amplification of pulses as short as 30 fsec with the proper 
choice of glasses. Third, the absorption band of Nd:glass is 
around 750-800 nm, well matched to alexandrite’s tunable 
range. Finally, alexandrite can deliver an average power of 
up to 100 W (Ref. 24) with tens-of-joules energy per 
pulse.25 We hope in the near future to have terawatt pulses 
at a few hertz, corresponding to 1 W average power. 

Similarly, we are developing an alexandrite-pumped 
Cr:LiSAF system,26 which takes advantage of the superior 
upper-level lifetime (70 ,usec) and thermal properties of 
Cr:LiSAF. It should be capable of even greater repetition 
rates and still maintain joule-level energies. To date, mill- 
ijoule CPA systems at 2-5 Hz have been demonstrated in 
both materials,26 by our group and researchers at Allied 
Signal Corp. 

III. APPLICATIONS TO HIGH-FIELD SCIENCE 

A. Overview 

The invention of the laser has, of course, had enormous 
impact on the fields of chemistry, biology, and physics. 
More recently, ultra-short-pulse lasers have spawned the 
field of ultrafast science. Now, with the development of 
high-intensity lasers the same has happened for another 
field, high-field science.27 By combining high intensity with 
short pulses, their interactions with matter are unique. On 
the horizon, is the possibility of extending these tabletop 
short-pulse coherent sources to the short-wavelength re- 
gion of the spectrum,28’2g where no such compact sources 
currently exist. Once available, they too are expected to 
rapidly generate new research areas. 

Recent progress toward this goal is promising. For in- 
stance, high-order odd harmonics, with frequencies extend- 
ing well into the XUV region of the spectrum, have re- 
cently been generated by focusing intense lasers of the type 
discussed in Sec. II B into a gas.30 While the observations 
are not currently well understood, what is most exciting is 
that rather than falling with harmonic number at the rate 
that would be expected from perturbation theory, a plateau 
has been observed in the conversion to higher harmonics.30 
Most of the work thus far in this area has been at intensi- 
ties below the ionization saturation threshold,31 and thus 
falls into the realm of nonlinear optics with bound elec- 
trons. However, work at CUOS has recently begun at 
greater intensities.32 As will be discussed in detail below, in 
this case, a rich variety of nonlinear phenomena involving 
free electrons may be studied. Another path to coherent 
XUV generation is through the inversion of an ionic me- 
dium. The multifocus formation in gases, which will be 
presented in Sec. III C, has obvious applications here. The 
effects of the ponderomotive pressure (Sec. III D) has rel- 
evance as well. Before discussing each of these issues in 
detail, however, we will first attempt to provide some per- 
spective by qualitatively discussing their dependence on 
various laser parameters, specifically, intensity and pulse 
width. 

1. Intensify dependence 

Different physical processes are distinguished by their 
dependence on the laser field. 

( 1) For instance, rapid disintegration of a hydrogen 
atom occurs as the laser field becomes comparable to the 
Coulomb field, E. - e/u: [( 3 X lo9 V/cm or I = 1016 
W/cm2)], where ~1~ is the Bohr radius. Highly nonlinear 
multiphoton processes such as atomic harmonic 
generation31 and tunneling ionization become important at 
weaker fields as the orbit of the electron becomes signifi- 
cantly perturbed by the presence of the laser. 

(2) Light pressure should play an important role in 
plasma dynamics33 when the gradient of the ponderomo- 
tive pressure nfl (z&) becomes comparable to the gradient 
of the plasma thermal pressure (3/2)n&T,. In the laser 
interactions with solid targets presented in Sec. III D, the 
gradients are roughly comparable, and only the ratio of the 
quiver velocity (u. = eE/mw) to the thermal velocity [u, 
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= (kTJ2m) “*I matters. For the laser-plasma parameters 
discussed in those interactions (T, - 200 eV, and il= 1 
pm), this ratio is approximately unity if E. again equals a 
value close to the Coulomb field. At somewhat higher 
fields, the enormous ponderomotive pressures of a short- 
pulse laser may provide a novel means for igniting thermo- 
nuclear reactions34 (see Sec. III D). 

(3) The mass of an electron should become modulated 
by relativistic effects, and thus its motion becomes highly 
nonlinear when u. approaches c, the speed of light. The 
required value of E. for il= 1 pm is found to be equal to 
the highest attainable with current laser technology [( 3 
x 10” V/cm or I = lOI W/cm2)]. This results in the 
generation of relativistic harmonic radiation35 and large 
amplitude wake-field plasma waves36’37 with extremely 
high longitudinal electric fields that may be used to accel- 
erate electrons. 

(4) Finally, quantum electrodynamic effects, such as 
pair production, will become important when the work 
done by the laser electric field over a distance of a Comp- 
ton wavelength, ilc+i/mc, equals the rest mass of an elec- 
tron, ms2. This requires that E. equal a value that will be 
difficult to achieve even in the forseeable future [( 3 
X 1016 V/cm or I = 1030 W/cm2)]. 

Although the field strength required for the cata- 
strophic production of electron-positron pairs from the 
vacuum is six orders of magnitude higher than is currently 
available with even the most intense lasers, the observation 
of a statistically significant number of pairs is predicted to 
occur at fields as low as E. - 1014 V/cm.38 The fact that the 
electric field in a frame moving with a relativistic electron 
beam is increased by y, where y is the relativistic factor 
associated with electron beam, may allow the observation 
of pair production with current laser technology.38 For a 
20 GeV electron beam, the field is increased by a factor of 
4 x 104, and so, in this case, the threshold for observation 
of pair production can be exceeded with current technol- 
ogy. Another interesting effect permitted by the interaction 
of a high-intensity laser with a relativistic electron beam is 
nonlinear Compton scattering, which may generate pho- 
tons with energies near the energy of the electron beam. In 
the case of a 20 GeV beam, this is in the gamma-ray region 
of the spectrum.39 

2. Pulse width dependence 
Similarly, as the laser pulse width is reduced, different 

physical regimes may be distinguished by comparing the 
pulse width (TV) to various characteristic timescales. With 
short pulses focused onto a solid target, it may be possible 
to deposit the bulk of the laser energy near the solid- 
density region.“*41 This must be done in a time shorter 
than the time it takes the density scale length 
[I,= n (dn/dx) - ‘1 to evolve significantly due to hydrody- 
namic motion at close to the ion sound speed c,. To our 
knowledge, an explicit criterion for this to occur has never 
been clearly stated. We suggest that this upper limit on the 
pulse width should be roughly the time it takes for the 
density scale length to become comparable to an optical 
skin depth (c/w,). This may be written as 7L 

< (c/c,)/wP, which, for typical laser-plasma parameters 
mentioned below, corresponds to a few hundred femtosec- 
onds. Short-pulse interactions with 1 pm light are also 
unique because the density scale length remains less than a 
laser wavelength during the pulse duration. Important con- 
sequences of this are, for experimentalists, that it isolates 
plasma instabilities, and, for theorists, that the Wentzel- 
Kramers-Brillouin (WKB) approximation breaks down 
and exact solutions of the wave equation are required.42 

Another important time scale is that for the ionization 
stages and electrons to thermally equilibrate, which at solid 
density can be on the order of 100 fsec. When the laser 
energy is deposited in a time shorter or comparable to this 
timescale, highly nonequilibrium plasmas may be gener- 
ated, which may, in turn, result in population inversions 
through recombination and, ultimately, x-ray lasing 
action.42’43 Finally, the timescale of the upper-state lifetime 
of an XUV transition is less than a few picoseconds, and so 
short-pulse high-intensity lasers should make efficient 
pumps for short-wavelength lasers.45 

B. Harmonic generation 

Nonlinear motion of electrons oscillating in the field of 
a laser will generate frequencies at odd harmonics of the 
laser frequency. If a laser is focused to a relatively low 
intensity onto a gas,31 nonlinear motion of the electrons 
that are bound to the nucleus will be caused by the anhar- 
manic atomic potential. At intensities exceeding the 
threshold for ionization, a plasma will be formed. A theo- 
retical suggestion has been made recently that the ioniza- 
tion process, by generating nonlinear currents at twice the 
laser frequecy, may also produce odd harmonics.46 At the 
highest laser intensities, nonlinear motion of unbound elec- 
trons occurs because of their relativistic mass change as 
their quiver velocity approaches the speed of light. This 
leads to the generation of harmonic radiation either inco- 
herently, by laser-induced spontaneous radiation from in- 
dividual electrons (Thomson scattering) ,47 or coherently, 
by laser-driven plasma currents,35 as discussed in another 
paper in this issue by Sprangle and Esarey. 

The goal of the experiment discussed in Sec. III B 1 
(Ref. 32) was to conduct a study of these processes by 
focusing a laser pulse into a gas to intensities far above the 
ionization saturation threshold Is. In this case, the laser 
will interact with the gas at the front of the pulse and the 
edges of the focus, and will form a plasma in the central 
region. As will be discussed in detail, the scaling of the 
third harmonic with laser intensity that was observed in 
the experiment cannot be explained with conventional the- 
ories of bound-harmonic generation, and exhibits the same 
scaling that is predicted for relativistic harmonics.32 Addi- 
tionally, in order to explain the results of similar experi- 
ments, it has been speculated by others that a plasma may 
have been contributing to the harmonic production at in- 
tensities just above Is (Refs. 48 and 49). In order to isolate 
these effects, we performed a pump-probe experiment, dis- 
cussed in Sec. III B 2, in which an intense pulse interacted 
primarily with a preformed plasma. In so doing, we were 
able to eliminate relativistic plasma harmonic generation as 
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FIG. 5. Scaling of SHG and THG in a partially ionized hydrogen gas. (a) Below I, - 5 x lOI W/cm*, SHG scales with intensity as P2 oc 2;‘. Above 
Is, SHG scales as P2 oc Zi’*, indicative of volume ionization effects. The gap in the data was solely due to the detection method. (b) The measured scaling 
of SHG with pressure, P2 - p’, agrees with the predicted scaling of either Bethune’s or the above theory. (c) Below Z,, the scaling of THG with intensity 
agrees with the theory of harmonic generation from bound electrons in a gas, P3 cc ZA. Above 2 s, the THG scales anomalously as P3 CC 2:. (d) The 
measured scaling of THG with pressure is P3 - p2. 

the cause of the observed anomalous scaling above Is, and, 
simultaneously, establish an upper bound for the harmonic 
conversion efficiency by this mechanism. 

1. Atomic harmonic generation 
In the first experiment, a single pulse from a 1.053 pm 

CPA-based Nd:glass laser of the type discussed in Sec. II B 
was focused into a gas cell backfilled with hydrogen.32 The 
scalings of second-harmonic generation (SHG) and third- 
harmonic generation (THG) with gas pressure for fixed 
intensity, or with intensity for fixed pressure-shown in 
Fig. 5-were measured with a photomultiplier tube and 
appropriate bandpass filters. The intensity at the focus was 
varied from a value that was much below to one that was 
much above the threshold for tunneling ionization. In the 
former case, the light pulse interacted with an atomic gas. 
In the latter case, the foot of the pulse rapidly ionized the 
gas and the rest-except for the wings of the Gaussian 
profile, transverse to the propagation direction-interacted 
with a fully ionized plasma. The effect of any residual ion- 
ization will be to further enhance the generation of coher- 
ent harmonics, as discussed by Brune1.46 
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As shown in Fig. 5(a), for a gas pressure of 0.4 Torr, 
the scaling of SHG at low intensities agrees with the pre- 
diction of Bethune,” in which P2 should scale with inten- 
sity approximately as the number of photons required to 
ionize hydrogen ( - lo), P2 - 1:“. In this case, the origin of 
SHG is attributed to atomic effects associated with electric- 
field-induced third-order mixing driven by charge 
separation.50’5**48 At higher laser intensities, SHG scales as 
p2 cc 10 3’2. A similar change in scaling to one with Ii’2, de- 
scribed as saturation, has been observed in ion 
production.52 This scaling is consistent with the expecta- 
tions of theory. The exponent 3/2 arises from the increase 
in volume of the halo region of the laser focus, in which the 
gas is partially ionized.52 The transition in the scaling in 
Fig. 5 (a) indicates that the ionization saturation threshold 
intensity is 1, N 5 X lOI4 W/cm2. 

THG also scales differently above Is than below it, as 
shown in Fig. 5(c), for a gas pressure equal to 0.34 Torr: 
below, it scales as P3 a I:, and above, P3 a 1:. Under our 
experimental conditions, with a confocal parameter less 
than the length of a positively dispersive medium, third- 
harmonic generation is normally forbidden because of 
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phase matching.49 Its observation, and even the 1’ scaling 
below Is, which has been observed elsewhere,5’149 are un- 
derstood. It has been explained by invoking an argument 
that a laser-dependent nonlinear change in the refractive 
index (the Kerr effect) modifies the propagation and phase 
matching of the third harmonic.51’49 Above Is, the scaling 
is not understood. The THG does not saturate at a level 
that would be expected by considering volume ionization 
effects alone. In this case, a lower scaling-the same as is 
observed in SHG, 1:“-would be expected. In fact, the 
cubic scaling is precisely what is predicted by a theory for 
relativistic harmonic generation.32’35 However, we can rule 
out this last possibility by the results of a pump-probe 
experiment, presented in the next section, in which a laser 
interacted only with a plasma. Instead, a combination of 
volume ionization effects and the Kerr effect, or nonlinear 
currents from ionization,46 may be required for an expla- 
nation. We hope this anomalous scaling will provide a 
fruitful direction for future theory. 

2. Harmonic generation in plasmas 

In order to study plasma harmonic generation by free 
electrons, without the competing effect of atomic harmonic 
generation by bound electrons, a preformed plasma was 
produced. This was accomplished by means of a pump- 
probe configuration, in which two collinear laser pulses of 
almost equal intensity but opposite polarizations were de- 
layed with respect to each other by use of a delay line and 
then brought to a common focus with the same focusing 
lens. That they overlapped in space transverse to the direc- 
tion of propagation was determined to an accuracy of bet- 
ter than 2 pm, or 5% of their focal diameters, by imaging 
their foci with a CCD camera and a microscope with a 
magnification factor of 15. The two laser pulses, each of 1 
psec duration, were focused to intensities of 5 X 1016 
W/cm* and 1 x 1016 W/cm*, respectively, onto a pulsed 
molecular beam of hydrogen. This value for the intensity of 
the second pulse corresponds to a normalized vector po- 
tential of a=O.l, where a = eE,,/mcw. With this configu- 
ration, the first pulse creates the plasma in advance of the 
arrival of the second pulse. Hydrogen was chosen for the 
gas because its single-ionization stage. Since, for linear po- 
larization, the direction of polarization of the harmonics is 
along that of the laser, and since the two pulses are polar- 
ized orthogonally, the harmonics generated by the second 
pulse, which interacts only with a plasma, may be distin- 
guished by use of a polarizer from those that were gener- 
ated by the first pulse, which interacts with the gas. 

It was found that, with less than a 10 psec delay be- 
tween the two pulses, much less than the recombination 
time at this density (n, - IO” cmP3), the second pulse 
produced a factor of lo6 less third harmonic than in the 
case when the first pulse was blocked, and hence no pre- 
formed plasma was produced. In other words, for our laser 
parameters, the power conversion ergiciency for harmonic 
generation in a plasma formed only of electrons and protons 
is at least six orders of magnitude less than that in a neutral 
gas. This translates into an upper bound on the conversion 
efficiency to third-harmonic generation by the mechanism 

of relativistic harmonic generation of v3 < lo-‘*. This is 
consistent with a value predicted by theory of 73 
< IO-l4 (see Sprangle and Esarey in this issue). 

Future work will be concentrated on improving the 
dynamic range of this measurement, which is limited by 
two factors: first, the finite discrimination of the polarizer 
against residual third-harmonic of the opposite polariza- 
tion from the first pulse, and second, bound-harmonic gen- 
eration by the second pulse from neutral atoms at the edge 
of the focal volume. Other geometries are currently being 
investigated. 

C. Self-focusing and Multifoci formation in a gas 

The topic of laser beam self-focusing has generated 
considerable recent interest because it may provide the 
long-sought-after solution to the problem of extending a 
high-intensity laser interaction region for laser-plasma 
electron acceleration,36737 x-ray lasers,28t53 and harmonic 
generation.30 Focusing with cylindrical lenses has been 
used in the past to produce long interaction regions, but 
cannot be used to produce a high intensity at the laser 
focus over any significant distance.54 

Self-focusing or self-defocusing, in either atomic or 
ionized media, originates from a radial intensity-dependent 
refractive index gradient. Self-focusing occurs when a neg- 
ative gradient acts as a positive lens, and vice versa for 
self-defocusing. The mechanism responsible for the index 
change depends on the laser pulse duration and intensity. 
For continuous wave (cw) and long pulses, thermal,55 
ponderomotive,53 and molecular orientational nonlinear 
effects56 are dominant. For pulses of picosecond and 
shorter duration, only the electronic nonlinear susceptibil- 
ity and ionization are important.56 Furthermore, at ex- 
tremely high laser powers, relativistic self-focusing must be 
considered.35V57 

When a short-pulse laser is focused into a gas, a plasma 
will be formed wherever the intensity exceeds the ioniza- 
tion threshold. In the gas regions, a negative radial index 
gradient will be created by the intensity dependence of the 
nonlinear susceptiblity, focusing the beam. In the plasma 
region, a positive radial index gradient will be created by 
the intensity dependence of the ionization, defocusing the 
beam. A focused beam will also defocus because of diffrac- 
tion, even without of an index gradient. A combination of 
these three effects may result in multiple self-focusing. Re- 
cently, at CUOS we observed multiple foci using an intense 
subpicosecond laser pulse. 

The experimental setup was similar to those described 
above. Again, the laser was focused into a chamber back- 
filled with hydrogen. In order to image the location of the 
foci, light emitted from the laser-produced plasma was re- 
corded with a digital CCD camera looking perpendicular 
to the laser axis. Beam propagation was investigated under 
various conditions: the focusing lens, the laser intensity, 
and the gas density were all varied. In this experiment, the 
power was much below the threshold for relativistic 
self-focusing.57 

As the gas density was increased, the plasma column 
moved backward from the reference point toward the in- 
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FIG. 6. Normalized plasma column images with f=40 cm lens in hydro- 
gen: (a) p=30 Torr, 40 mJ; (b) p= 100 Torr, 90 mJ; (c) p=250 Torr, 70 
mJ; (d) p=5GU Torr, 65 mJ. The beam propagates from left to right and 
the total distance along the propagation axis shown in the plot corre- 
sponds to 3 cm. 

cident laser beam (see Fig. 6). As the gas density was 
increased further, a second focus developed, also backward 
toward the laser. As the gas density increased even further 
yet, three or more foci appeared [see Figs. 6(b)-6(d)]. The 
number of self-focused foci and their positions varied from 
shot to shot as the energy in the laser pulse fluctuated. The 
propagation was sensitive to the laser intensity and beam 
quality, but not the laser polarization. Some of the beam 
foci appear in Fig. 6 to be curved. We believe this is caused 
by nonlinear bending, also due to the nonuniformity of the 
incident laser beam.58 

All of these observations were reproduced in numerical 
simulations in which the nonlinear Schradinger equation 
was solved in the paraxial approximation. However, it was 
found that multifocus formation could only be simulated 
when we used values of the intensity-dependent nonlinear 
index that were much higher than those previously mea- 
sured. Perhaps this extremely nonlinear behavior of the gas 
close to ionization, in which case higher-order terms may 
become important, is related to the anomalous scaling of 
the third harmonic above the ionization saturation thresh- 
old seen in Sec. III B 1. 

D. Competition between ponderomotive and thermal 
pressures 

Large absorption of laser light and rapid cooling of the 
plasma are both required for recombination x-ray laser 
schemes involving laser-solid interactions. These two pro- 
cesses depend strongly on the evolution of the electron- 
density profile during the laser pulse. The latter, in turn, is 
nonlinearly coupled to the high-intensity laser through the 
pressure that the light exerts upon the plasma near the 
reflection point. It has recently been shown at CUOS33 that 
when the quiver energy of the electrons becomes compa- 
rable to the plasma thermal energy, light pressure domi- 
nates the plasma dynamics. This is the first such study in 
the regime in which the density scale length (d) is much 
less than the laser wavelength (A), d<il. 

When a laser pulse interacts with an overdense plasma, 
the pump laser light is absorbed and reflected near z, the 
critical surface-the point of the profile where the electron 

density n, equals the critical density n,, where 
n,/n,= (00/o,)* = 1, w. is the incident laser frequency, 
and tip is the plasma frequency. For densities greater than 
n,, the light wave is evanescent and is attenuated exponen- 
tially in a skin depth. This has two consequences. One, 
local heating and ionization create a sharp electron ther- 
mal pressure gradient, driving expansion of the plasma into 
the vacuum; and two, the sharp laser intensity gradient 
creates a ponderomotive force oppositely directed to the 
expansion. Twice the momentum of the reflected laser light 
is imparted to the expanding plasma. Since z, is moving 
relative to the laboratory frame, the reflected pump light is 
Doppler shifted by an amount proportional to the velocity 
of expansion of the plasma into the vacuum, veXp, equal to 
M/A = - 2 (Q&C) cos 8, where 0 is the angle of inci- 
dence of the laser. This Doppler shift may thus be used to 
determine the motion of the plasma. 

The dynamics of the laser-plasma interaction may be 
described mathematically by the one-dimensional two-fluid 
conservation equations of mass density, momentum (with 
the ponderomotive force included), and energy.41’59 These 
equations are coupled to a collisional radiative model for 
the ionization stages, a modified Spitzer-HSrm model for 
heat conductivity, and the Helmholtz wave equation for 
the electric field.33*59@ he T results of a computer simula- 
tion that used these equations will be discussed later. How- 
ever, it may be shown from a simpler steady-state solution 
of the Helmholtz equation for an exponential density 
profile33 that the ponderomotive force n,Vpl equals the 
thermal force VP, at z, if the quiver energy of the electrons 
equals their thermal energy, or, equivalently, 

m(&/2kTes3.2X 10-131i,d2kTe- 1 (4) 

(Ii,, is in W/cm*, 10 is in pm, and kT, is in eV). The 
electric field, and thus the quiver velocity, in the plasma 
were related to the incident light intensity Zinc in Eq. (4) 
both by the fact that as the light wave approaches z, the 
peak value of E* is swelled by a factor of about 3.6 over its 
vacuum value EFnc, and by the relationship 
Iinc E (C/8?T) EFnc* Equation (5) tells us that the pondero- 
motive force will be important with our laser parameters 
and kT, - 200 eV, since in this case the equality is satisfied. 

The results of an experiment that we recently per- 
formed may be explained by the effects discussed above. In 
this case, frequency-doubled pulses (/2=0.53 pm) with 
maximum energy of 70 mJ and duration 1 psec were fo- 
cused at normal incidence (f3=0”) onto a solid target of 
aluminum. The back-reflected light was sampled with a 
beam splitter that was placed before the target in the path 
of the laser and spectrally analyzed with a spectrometer 
coupled to a multichannel analyzer. A Doppler shift to the 
blue and a broadening-characteristics of an expanding 
plasma-were observed and are shown in Fig. 7(b) for the 
same intensity used in the experiment, Zinc - 2 X 1015 
W/cm*. 

The measured Doppler shift, shown in Fig. 7(b), 
agrees quite well with a Doppler shift predicted by the 
above-mentioned simulation, as shown in Fig. 7(c), given 
the measured incident light spectrum shown in Fig. 7(a). 
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FIG. 7. The dynamics of the plasma is dominated by light pressure when 
the oscillatory energy of electrons in the field of the laser exceeds their 
thermal energy. (a) Spectrum of the light incident on the target. Doppler- 
shifted spectrum of the light reflected from the moving critical surface: 
(b) measured experimentally; (c) calculated numerically with the pon- 
deromotive force included; (d) calculated numerically without the pon- 
deromotive force. 

That the free expansion model is inadequate is dramati- 
cally demonstrated in Fig. 7 (d) , which shows the Doppler 
shift calculated in the simulation without the ponderomo- 
tive force included. It is three times greater than either the 
measured shift [Fig. 7(b)] or the calculated shift with the 
ponderomotive force included [Fig. 7 (c)l. This translates 
into a difference in ZkT, of a factor of approximately 10. 

The ponderomotive pressure (np (&) ) of the laser is 
enormous. Assuming the intensity and wavelength used in 
the experiment (Q/C - 0.05) and critical density, it ex- 
ceeds a Mbar. At higher intensity, it may reach the same 
order of magnitude as the thermal pressure associated with 
a fusion target. For this reason, this mechanism has also 
generated interest as a novel means of igniting thermonu- 
clear fusion. Long-pulse lasers could heat and compress the 
fuel pellet through the usual ablation of the target. By the 
further heating and compression of the fuel with its enor- 
mous light pressure, an intense short-pulse laser may then 
be used as the ignitor.34 

IV. SUMMARY 

New ultra-high-intensity compact sources, three or- 
ders of magnitude brighter than previous ones, now make 
possible the study of laser-matter interactions in a funda- 
mentally new regime. A variety of CPA-based lasers have 
now been developed with parameters suited to meet the 
requirements of many combinations of applications. Be- 
sides high intensity ( lo’* W/cm2), these CPA-based lasers 
also provide short-pulse widths (100 fsec) for ultrafast 
studies and high average powers (up to 1 W) for the use of 
sampling techniques. They may also make compact coher- 

ent short-wavelength sources a real possibility within a few 
years. Already it has become possible to study, with these 
lasers, new issues in nonlinear optics involving free elec- 
trons. These include: multifoci formation, harmonic gener- 
ation, and plasma dynamics dominated by light pressure. 
Undoubtedly, plenty of unexpected discoveries are yet in 
store now that this new research tool is widely available. 
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