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Terawatt to Petawat t Su bpicosecond Lasers 
Michael D. Perry and Gerard Mourou 

The application of the chirped-pulse amplification technique to solid-state lasers combined 
with the availability of broad-bandwidth materials has made possible the development of 
small-scale terawatt and now even petawatt (1000-terawatt) laser systems. The laser 
technology used to produce these intense pulses and examples of new phenomena 
resulting from the application of these systems to atomic and plasma physics are described. 

Over the past few years a revolution has 
occurred in our ability to produce extremely 
high-power and high-intensity pulses. Ten 
years ago, a tabletop system with a beam 
size on the order of a centimeter could 
typically produce gigawatt pulses. The same 
size system today can now produce pulses 
with over 1000 times this peak power and 
achieve focused irradiance greater than 10" 
W/cmZ. This ability opens for study a whole 
new regime of laser-matter interaction, with 
applications in fusion, relativistic plasma 
physics, x-ray generation, and many other 
areas. The increase in peak power and irra- 
diance is the direct result of the technique of 
chirped-pulse amplification (CPA) (1,2). A 
chirped pulse is one where the frequency of 
the electromagnetic field varies with time. 
First Q-switching, then mode locking, and 
now CPA have all resulted in dramatic 
increases in peak power (Fig. 1). With CPA, 
pulses exhibiting power near the theoretical 
limit can in principle be achieved. 

The CPA technique makes possible effi- 
cient energy extraction from high energy- 
storage materials by short pulses without 
incurrine nonlinear effects associated with " 
high intensity. The rapid progress in peak 
Dower has lareelv been the result of our - ,  
ability to generate and manipulate these 
short pulses and amplify them in a wide 
variety of broadband solid-state materials: 
Nd:glass (1 -4), alexandrite (5) ,  Tksapphire 
(6, 7), Cr:LiSrAlF, (LiSAF) (8, 9), and 
combinations of these materials (10). The 
CPA techniaue has also been a ~ ~ l i e d  to . . 
existing, large-scale Nd:glass systems at the 
CEA (Commissariat a 1'Energie Atomique) 
Limeil in France (I I), the Rutherford-Ap- 
pleton Laboratory in Great Britain, and at 
Osaka in Japan (12). To date, pulses with 
peak power exceeding 55 TW (25 J, 400 fs) 
have been ~roduced at CEA Limeil. At 
Lawrence Lhermore National Laboratory 
(LLNL), the construction of a 1000-TW 
(petawatt) system is under way. 
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By producing short pulses only after 
amplification, CPA increases the extract- 
able energy from broadband materials to a 
level achievable with long (nanosecond) 
pulses. As a result, not only can the peak 
Dower of short-~ulse svstems be dramatical- 
ly increased, but also their average power. 
The original dye- or excimer-based picosec- 
ond lasers typically had an average power of 
10 to 100 mW (Fig. 2). With CPA, the 
higher energy density of solid-state materi- 
als is accessible for these short-pulse lasers, 
resulting in systems with average power on 
the order of 1 W, approaching that of 
conventional longer ~u lse  solid-state svs- - .  
tems. The average power limit has not been 
reached, and we expect that in the near 
future femtosecond amplification systems 
will produce an average power at the 10-W 
level. High average power is desirable for 
applications in high harmonic generation 
(1 3), ultrafast spectroscopy (14), medicine 
(1 5), and imaging (1 6, 17). 

The production of a pulse with high 
peak power is a necessary but not sufficient 
condition to produce a high-irradiance 
pulse. The brightness and ultimate focused 
irradiance achievable with a laser pulse is 
determined by both the peak power and the 
spatial quality (divergence) of the pulse. By 
~avine careful attention to both linear and . ,  - 
nonlinear aberrations in the laser and 
beam-transport systems, one can now pro- 
duce nearly diffraction-limited, multitera- 
watt pulses. When focused, such pulses can 
achieve irradiance between 10" and 1019 
W/cmZ. Scaling these CPA-based systems 

Theoretical limit . . . . . . . . . . . . . . . . . . . . . . . .  

Fig. 1. Increase in peak power and focused 
irradiance of small-scale (area, 1 cm2) lasers. 

up to the 100-TW or even petawatt level 
will enable the study of laser-matter inter- 
action at 10'' W/cmZ and beyond. 

The availability of these intense pulses 
opens a new regime of laser-matter interac- 
tion for study. Applications stem from four 
fundamental features of such a pulse. The 
first is simply the short duration, which 
makes possible experiments with a resolu- 
tion of 100 fs or less and, in plasma appli- 
cations, virtually eliminates hydrodynamic 
motion during the laser pulse (18, 19). 
Second are the large electric and magnetic 
fields associated with an intense pulse. At 
10'' W/cmZ, the resulting electric field is 
1014 V/m, over 100 times the Coulomb field 
that binds atomic electrons. This field 
strength is sufficient to ionize heavy atoms 
such as uranium to UeZ+ within the short 
duration of the pulse (Fig. 3). Third is 
simply the energy density and resulting 
light pressure of the pulse. At 10'' W/cmZ, 
the energy density of the pulse is over 3 x 
101° J/cm3, which corresponds to a 10-keV 
blackbody and an equivalent light pressure 
of 300 Gbar. Finally, the free electrons 
produced by these intense pulses are driven 
by the field to a cycle-averaged oscillatory 
energy given by 

E, = mc2(d1 + 2Up/mcZ - 1) (1) 
where m is the electron mass, c is the speed 
of light, Up = e Z E 2 / h ~ 2  = 9.33 x 10-l4 
IXZ is the nonrelativistic oscillatory energy 
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Fig. 2. Current average power (Pq) of femto- 
second lasers (cw, continuous wave; YAG, yt- 
trium-aluminum-garnett; KLM, Kerr lens mode- 
locked; Cr:LiSAF, chromium-doped LiSrAIF,; 
synch, synchronous). 
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of a free electron (measured in electron 
volts if the laser intensity I is in watts per 
square centimeter and the wavelength A is 
in micrometers), e is the electron charge, 
and o is the laser frequency. For a Nd:glass 
laser producing 1.05-pm laser pulses, the 
electron quiver energy (Fig. 4) is nearly 10 
MeV for a laser intensity of lo2' W/cm2. 
Relativistic effects in such a plasma become 
dominant and can result in new absorption 
mechanisms (20, 2 1 ) , including absorption 
past the critical surface (22) and self-focus- 
ing (23), not observed in conventional 
laser-plasma experiments. 

The Chirped-Pulse Amplification 
Technique 

As the pulse duration decreases from the 
nanosecond to the picosecond and femto- 
second regimes, it becomes increasingly 
difficult to extract the stored energy from a 
laser amplifier without causing detrimental 
nonlinear effects. This arises from the fact 
that the input fluence necessary to efficient- 
ly extract the stored energy has to be on the 
order of the saturation fluence, F,,, = h vlu, 
where h is Planck's constant, v is the laser 
frequency, and u the emission cross sec- 
tion. The saturation fluence of most solid- 
state laser materials is between 1 J/cm2 
(Tisapphire) and 6 J/cm2 (Nd:glass) . 

Amplification of picosecond pulses to this 
level is not possible because of the intensity- 
dependent index of refraction n = no + n21, 
where I is the intensity of the pulse. This 
intensity-dependent refractive index pro- 
duces a nonlinear phase retardation given by 

where 1 is the propagation length. This 
nonlinear phase retardation results in wave- 
front distortion and eventuallv catastro~hic 
filamentation (24), which causes damage to 
the amplifier. For example, a picosecond 
pulse amplified to 1 J/cm2 could travel only 
1 mm through a typical solid-state laser 
material without suffering severe degrada- 
tion of beam quality. 

Before the advent of CPA. ~icosecond - .  
and femtosecond pulses were produced from 
dve- and excimer-based svstems. The effects 
on the nonlinear refractive index were un- 
important in these systems because they 
could only produce pulses with a peak 
power of a few gigawatts per square centi- 
meter as a result of their low energy storage 
capability (F,,, = 1 mJ/cm2 for dyes and 5 
mJ/cm2 for excimers). To access the sever- 
al-joules-per-square-centimeter capability of 
solid-state materials, a femtosecond pulse 
must be stretched by a factor of several 
thousand before amplification. It is then 
am~lified bv a factor of lo6 to 10" and 
recompressed ideally to its initial value 

loo 

(Fig. 5). Like other laser techniques (in- 
cluding the laser itself, Q-switching, and 
mode locking), the microwave-CPA analog 
was demonstrated more than 40 years ago 
for radar (25). By stretching the pulse 
before amplification, researchers could 
achieve high pulse energy for long-distance 
ranging. Recompression of the echo pro- 
duced the short pulses necessary for accura- 
cv. In most CPA svstems in the o~tical 
regime, the pulse is recompressed directly 
after amplification. However, the complete 
analog to the radar systems has been recent- 
ly demonstrated in the optical regime for 
long-range, high-accuracy LIDAR (light 
detection and ranging) by Braun et al. (26). 

The CPA technique in the optical regime 
requires impressive manipulation. First, a very 
short (femtosecond) and high-contrast pulse 
is generated at the nanojoule level. Second, 
this pulse is stretched by a factor of up to 10". 
Third. it is arn~lified bv 10 to 11 orders of 
magnitude. Fourth, it is recompressed by a 
factor of 10" to near its initial value. The end 
result is ideally a diffraction-limited pulse with 
an extremely high contrast ratio. 

Generation of short and ultraclean bukes. It 
is now possible to produce pulses as short as 
10 fs (27) with the Kerr lens effect in 
Tisapphire oscillators (28). Although these 
~ulses are extremelv short. thev have the . , 
tendency to exhibit a tail that extends over 
a few hundred femtoseconds before the peak 
of the pulse. For some experiments, it is 
necessary to eliminate this tail. A high- 

Ionization potential (eV) u 142 > 

Fig. 3. Charge states accessible by means of 10' 
tunneling ionization with a picosecond laser 
pulse at 1053 nm. The solid circles represent 
charge states formed by laser field ionization Fig. 4. Electron quiver energy and accessible phenomena as a function of laser irradiance (A = 
that have been obse~ed  to date. 1053 nm) (OED, quantum electrodynamics; e+e-, positron-electron pair). 
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contrast pulse cleaner that uses cross-phase 
modulation in a single-mode fiber located 
between two crossed polarizers is one tech- 
nique to eliminate this pedestal. With this 
technique, a contrast enhancement of six 
orders of magnitude has been obtained (29). 

Stretching. After generation, the short 
pulse is passed through a pulse stretcher 
exhibiting a frequency-dependent phase 
function, P(o). This produces a chirped 
and stretched pulse. A chirped pulse is one 
that exhibits a time-dependent frequency. 
In the first optical CPA demonstration (I), 
group velocity dispersion in fiber was used 
to stretch the pulse. The lower frequency 
(red) components of the pulse propagate 
faster through the fiber than the higher 
frequency (blue) components, resulting in a 
stretched and positively chirped (red earlier 
than blue) pulse. Recompression was per- 
formed with the negative group velocity 
dispersion provided by a diffraction grating 
pair (30). 

With CPA systems based on fiber grat- 
ings, the grating separation is adjusted to 
cancel the positive dispersion of the fiber, 
correct to second order. The residual error 
in the compressed pulse is primarily the 
result of the mismatch in the third-order 

Stretcher 

Amplifier 

Compressor 

Fig. 5. Chirped pulse amplification concept. 
The waveforms E (t)  and E (w) represent the 
time- and frequency-dependent field distribu- 
tion; p(o) and A (o) are the frequency-depen- 
dent phase and amplitude transfer functions, 
respectively, of a given component of the laser 
system. 

dispersion between the grating pair and 
material dispersion in the tiber. The maxi- 
mum compression ratio, R, that can be 
produced by these fiber-grating systems is of 
the order of Ah/h. When R exceeds this 
value, incomplete recompression is per- 
formed, producing unwanted ripples before 
or after the main pulse. For example, a 
picosecond pulse at 1.06 Fm with a Ah of 
20 A cannot be stretched and compressed 
by more than a factor of 500 with fiber- 
grating systems. For a 100-fs pulse, fiber- 
grating systems are limited to R = 50. 

In 1987, Martinez proposed a compres- 
sor with positive group velocity dispersion 
to compress pulses at 1.5 pm (31). In this 
regime, the fiber has negative group veloc- 
ity dispersion and the pulses exhibit a neg- 
ative chirp. Recompression of the pulses 
requires a device with positive group veloc- 
ity dispersion. His compressor was a tele- 
scope with a magnification of one between 
two antiparallel diffraction gratings. Unlike 
the fiber, this positive-dispersion "compres- 
sor" acted as a ~ u l s e  stretcher matched to 
the negative dispersion grating pair over all 
orders. Pessot et al. (32) first demonstrated 
this all-grating stretching-compression sys- 
tem by stretching an 80-fs pulse to over 80 
ps (R > 1000) and then recompressing the 
pulse without introducing any temporal dis- 
tortion. The matched stretcher-comuressor 
was a breakthrough. A number of groups 
quickly demonstrated stretching and com- 
pression to lo4. Several techniques are 
being examined to further improve the ratio 
to over lo5 (33. 34). . , ., 

Amplification and gain narrowing. Short 
pulses have a large Fourier spectrum that is 
modified by the amplitude transfer function 
A(w) of the amplifier system. Because of the 
large overall gain involved in CPA, typically 
loL0, the spectrum of the amplified pulse is 
significantly narrower than the material 
bandwidth (4). For a material exhibiting a 
Gaussian lineshape, the spectrum is reduced 
to a width (full width at half maximum) (35) 

Ao = Ao, (3) 

where Am, is the material gain bandwidth 
and G is the gain in decibels. From this 
expression, we see how important it is to 
work with materials having a large gain 
bandwidth, such as Nd:glass, alexandrite, 
Tisapphire, Cr:LiSAF, or a combination of 
these. A reduction in gain bandwidth not 
only reduces the stretched pulse duration 
but also results in a longer pulse after 
compression. 

hpressiun. A perfectly matched stretch- 
er-compressor will have conjugate phase func- 
tions, P,,(w) = -P,,(w). However, for the 
very large stretching and amplification re- 
quired to produce terawatt pulses, the phase 

function of the compressor must account for 
the sum of the phase functions of the stretcher 
and the remainder of the laser system, P,(o), 
including amplifiers, mirrors, and waveplates. 
Writing the field of the pulse exiting the 
compressor as 

we see that a transform-limited pulse is 
achieved after compression only if Pc,,(o) 
= -[P,,,(o) + P,,,(o)]. In this case, the 
amplified and compressed pulse has no re- 
sidual chirp, 6 = [Pc,,(o) + PSt,(o) + 
P,,,(o)] = 0, and the temporal distribution 
of the field is just the Fourier transform of 
the spectrum of the field. In practice, the 
grating separation in the compressor is 
adjusted until the error, 6, is a minimum. 

Petawatt bulses. The features of all hieh- w 

power CPA-based laser systems are observ- 
able in the design of the petawatt laser (Fig. 
6) under development at LLNL. The laser 
begins with a self-mode-locked Tisapphire 
oscillator producing 90-fs pulses at 1053 
nm. These low-energy (-5 nJ), transform- 
limited pulses are stretched by a factor of 
12,000 to 1.2 ns in a single-lens, single- 
grating pulse stretcher. After stretching, 
the pulse energy is reduced to 500 pJ. This 
low-energy pulse is injected into a Ti:sap- 
phire regenerative amplifier. The Ti:sap- 
phire is used as the gain medium at this 
stage to avoid the gain narrowing associated 
with Nd:glass regenerative amplifiers (36). 
This transverse electromagnetic mode 00 re- 
generative amplifier serves as a multipass am- 
plifier and ensures diffraction-limited beam 
quality. Over 100 passes through the gain 
medium are required to achieve an amplifica- 
tion of over lo7 at 1053 nm. The reeenerative .., 
amplifier routinely produces 6-mJ pulses with 
less than 3% fluctuation in output energy 
(37). After the regenerative amplifier, the 
pulse makes eight passes through a Ti:sapphire 
power amplifier, increasing the pulse energy 
to 50 mJ. 

Unfortunately, amplification in Ti:sap- 
phire beyond the 100-mJ level at wave- 
lengths beyond 1 pm is impractical because 
of the cost and complexity of laser pumping. 
Further amplification to the 2-J level is 
achieved in a pair of flashlamp-pumped 19 
mm by 200 mm LG-760 Nd:glass amplifiers. 
This 2-1 beam can then be com~ressed for 
use in small-scale experiments or coupled 
into the Nd:glass power amplifier chain. 
This amplifier chain is a modified section of 
a beamline of the Nova laser at LLNL. The 
low-energy chirped pulse is spatially fil- 
tered and injected into the disk amplifier 
chain with about 50% cou~l ine  and is 

L - 
expected to produce 1.6 kJ at the output of 
the 31.5-cm disk am~lifiers (a tv~ical  
Nova beamline has an additional amaifier 
stage and produces 10 kJ in a 1-ns pulse). 

SCIENCE VOL. 264 13 MAY 1994 



This beam is then expanded to 40 cm 
before pulse compression. 

Perhaps the most challenging component 
of the petawatt laser is the compression and 
focusing of a multikilojoule, subpicosecond 
pulse. To compress the 1.6-kJ pulse to under 
500 fs requires the production of high-effi- 
ciency, 60 cm by 110 cm diffraction gratings 
with a damage threshold exceeding 1.5 
J/cm2. The largest high-efficiency diffraction 
gratings commercially available are 25 cm by 
40 cm metallic gratings with a diffraction 
efficiency as high as 92% and a damage 
threshold greater than 250 mJ/cm2 for 300- 
ps pulses. At LLNL, we have developed gold 
gratings with over 96% diffraction efficiency 
and a damage threshold over 400 mJ/cm2 for 
300-ps pulses (38). However, even this im- 
proved damage threshold for metallic gratings 
is insufficient. For this reason, we embarked 
on a new approach for reflection gratings 
based on dielectric materials, which in theory 
would yield both high diffraction efficiency 
and extremely high damage thresholds (39). 
To date, we have produced ZnS-based diffrac- 
tion gratings with a diffraction efficiency 
above 96% at 1053 nm and a damage thresh- 
old above 1 J/cm2 for 500-ps pulses. Produc- 
tion of these matines in oxide-based materials .., .., 
is estimated to increase the damage threshold 
to over 3 J/cm2 for 500-ps pulses, enabling the 
compression of multikilojoule pulses. 

Planned to be fully operational in 1995, 

Table 1. Theoretical peak power 

Laser type Cross section 
(1 0-20 cm2) 

Nd:glass phosphate 4 22 80 60 
Nd:glass silicate 2.3 28 60 100 
Nd:glass combination 1.5 60 30 400 
Ti:sapphire 30 120 8 120 
Alexandrite 1 100 10 2000 
Cr:LiSAF 3 50 15 300 

the petawatt laser is designed to deliver a 
l-kJ pulse at 1053 nm in a beam 40 cm in 
diameter. The pulse is designed to be tun- 
able between 500 fs and 20 ps and to be 
focusable to twice the diffraction limit in a 
fl3 focusing system, producing a focused 
irradiance well above lo2' W/cm2. The 
pulse will be synchronized with the other 
beams of the Nova laser to better than 10 ps. 

Theoretical peak power. Even the peta- 
watt laser is below the theoretical limit of 
~ e a k  Dower. This limit can be estimated as . . 
the ratio of the extractable energy (approx- 
imated by the saturation fluence) to the 
minimum pulse duration imposed by the 
gain bandwidth (neglecting gain narrow- 
ing). The peak power limit Pth per unit 
area, assuming a time-bandwidth product 
Ava AT = 0.5, is then estimated by 

This power also represents that needed to 
produce a Rabi oscillation in the amplifying 
medium. The theoretical peak power for 
different materials is estimated in Table 1. 
In principle, 100-TW pulses are achievable 
with compact systems, and even exawatt 
(1 EW = 10'' W) ~ulses are ~ossible with , . 
large-aperture (l-m) Nd:glass systems that 
contain a mixture of silicate and ~ h o s ~ h a t e  . . 
glasses to maximize the gain bandwidth. 
These high-power CPA-based systems will 
be limited by the technology required to 
stretch and compress pulses with a power 
density greater than l O I 3  W/cm2. 

Applications 

The application of tabletop terawatt lasers 
to problems in a wide range of physics and 
chemistry has been as rapid as the develop- 
ment of the laser technology. Here, we 

WYAQ [Mdnd WYAQ 
(532 nm) (532 nm) 

Fig. 6. Schematic of the petawatt laser currently under development 
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Fig. 7. Harmonic spectrum result
ing from the interaction of intense «T 
(1016 W/cm2) 1053-nm radiation | 
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introduce a few of the recent developments 
in atomic and plasma physics and nonlinear 
optics as an attempt to illustrate phenome
na accessible with terawatt and petawatt 
subpicosecond lasers. 

Atomic physics and nonlinear optics of 
bound electrons. Several experiments on 
multiphoton ionization (40-42) and above-
threshold ionization (43-46) coupled with 
numerous theoretical calculations (47-50) 
showed that beyond about 1013 W/cm2, 
multiphoton absorption phenomena can no 
longer be described by conventional pertur
bation theory. This "nonperturbative" be
havior results from the fact that the electric 
field of the laser is approaching that of the 
Coulomb field and the oscillatory energy, 
Upy of the free electron is comparable with 
or even exceeds the electron binding ener
gy. Only a few years ago, complicated dye 
(51) or excimer (52) amplifier systems were 
necessary to perform these experiments. 
The availability of CPA-based subpicosec
ond lasers has eliminated the need for these 

complex systems and accelerated the revo
lution in this area of atomic physics. 

Although there are several emerging ap
plications of this nonperturbative phenom
enon, here we will concentrate on the 
production of coherent extreme ultraviolet 
(XUV) and soft x-ray radiation by high-
order harmonic generation (13, 53). The 
generation of odd harmonics to as high as 
the eleventh, resulting from the interaction 
of moderate-intensity ( < 1 0 n W/cm2) laser 
radiation with dense gases, had been well 
established (54). However, by shortening 
the pulse duration to avoid ionization and 
increasing the intensity, researchers have 
observed harmonics extending to the 109th 
of 811-nm radiation (55) and the 143rd of 
1053-nm radiation (56) (Fig. 7). 

These harmonics result from the period
ic oscillation of quasi-free electrons across 
the atomic potential. As the electron passes 
the nucleus, it suffers an impulsive distor
tion in its trajectory that generates a broad 
spectrum of radiation. In a quantum pic-
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Fig. 8. Time-resolved emission from a helium plasma produced by 600-fs, 527-nm pulses. Emission 
from the 17th to 31st harmonics is unresolved by the streak camera, and the Lyman series following 
recombination occurs over several nanoseconds (59). 

ture, the harmonics can be understood as 
multiphoton excitation far into the contin
uum (absorption of N photons) with emis
sion of a single photon of energy Nhv 
returning the electron to the ground state. 
The maximum kinetic energy of those os
cillating electrons that have a trajectory 
that returns them to the vicinity of the 
nucleus, and hence the maximum energy 
available for harmonic emission, is approx
imately IP + 3Up (57), where Up is the 
cycle-averaged quiver energy (Eq. 1). From 
the X2 scaling of the quiver energy, we 
expect longer wavelength lasers to produce 
much shorter wavelength harmonic radia
tion in good agreement with the experi
mental observations (58). 

Because the harmonics are produced 
only by the driving field of the laser, their 
duration is limited by the short duration of 
the laser pulses. In a streak-camera record
ing of harmonic radiation and recombina
tion fluorescence resulting from the inter
action of short (600 fs), intense (1016 

W/cm2) 527-nm radiation with dense heli
um gas (Fig. 8) (59), the harmonics appear 
as bright spots at t = 0, unresolved by the 
picosecond resolution of the streak camera. 

Both the coherence and the overall con
version efficiency are limited by phase 
matching between the harmonic field and 
the incident laser field (60). If the focused 
beam has a depth of field, b, much longer 
than the length of the nonlinear medium, 
L, low-divergence harmonic beams with a 
near-Gaussian spatial distribution can be 
produced (61). Production of XUV har
monic radiation near 20 nm (25th harmon
ic of 526-nm incident radiation) with an 
absolute conversion efficiency as high as 
10 - 7 has recently been reported (62). 
Longer wavelength radiation (>50 nm) can 
be produced with a conversion efficiency 
exceeding 10"6 with the use of xenon as the 
nonlinear medium (60). In an application 
of this high-order harmonic radiation, we 
have measured the photoionization cross 
section of neon from 20 to beyond 100 eV 
(63). Previous measurements made in the 
XUV spectral region required large syn
chrotron facilities or intense plasma dis
charge sources. 

High-Temperature, High-Density 
Plasmas 

Similar to the observation of a host of new 
phenomena in laser-atom interaction above 
1013 W/cm2, as the IX2 product approaches 
and exceeds 1018 W |xm2/cm2, new phe
nomena are expected in the interaction of 
these intense laser pulses with plasmas. At 
1018 W |xm2/cm2, the cycle-averaged quiver 
energy of free electrons is 100 keV, requir
ing relativistic corrections to many basic 
plasma parameters. Phenomena such as rel-
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ativistic self-focusing (23), emission of ter-
ahertz radiation (64), wake-field generation 
(65), and strongly coupled scattering (66) 
have either been observed or are predicted. 
In addition, the subpicosecond duration of 
these oulses leads to transient ohenomena 
that result in short-duration, high-bright-
ness x-ray emission (18, 67). Here, we 
introduce only a few recent observations on 
hot electron generation and the resulting 
x-rays produced. 

Hard x-ray emission. Hard (>100 keV) 
x-rays produced by hot electron bremsstrah-
lung had been observed numerous times in 
laser-plasma experiments with long (> 100 
ps) pulses, particularly with COz lasers (68). 
The majority of these experiments produced 
hot electrons by stimulated Raman scatter-
ing at and below critical densitv in the-
plasma. For short, intense pulses, the pro-
duction of hot electrons is governed by other 
mechanisms. Collisions in the high-density 
plasmas produced by short pulses tend to 
rapidly thermalize the quiver energy, pro-
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Fig. 9. (A) Hard x-ray spectrum from the inter-
action of a 600-fs, 1053-nm laser pulse at 5 x 
10l7W/cm2with a thick Ta target. (6)Predicted 
(22) and measured (70) electron temperature 
near the critical surface. The squares and tri-
angles are the result of simulations for s-polar-
ized (squares) and p-polarized (triangles) radi-
ation, the solid line is the quiver energy of a free 
electron (Eq. 1). LANL, Los Alamos National 
Laboratory. 

ducing auasi-Maxwellian ~lasmaswith a the time-integrated ls2l21-ls221 line soec-- .  
temperature characterized by the free elec-
tron quiver energy (22). The first experi-
ments to show evidence of hot electron 
generation with short pulses were performed 
bv Kmetec et al. (69). who observed the~ , ,  

emission of megaelectron volt x-rays at IAZ 
= loi8W pm2/cm2.Direct measurement of 
megaelectron volt electrons followed (70). 
The hard x-ray bremstrahlung spectrum is 
well fit by a single Maxwellian distribution 
(Fig. 9A) and is in reasonable agreement 
with the quiver (ponderomotive) energy 
(Fig. 9B). 

Light pressure at the critical surface. In 
conventional plasmas, light penetration past 
the density at which the plasma frequency 
ope= [ 4 ~ r e ~ n , / r n ~ ] ' ~is equal to the frequen-
cy of the laser pulse is evanescent. The 
plasma density at this point is known as the 
critical density, and the laser pulse is reflect-
ed at the critical surface. However. at the 
intensities available with short-pulse tera-
watt lasers, the light pressure can be larger 
than the thermal pressure of the plasma and 
the laser pulse can modify the plasma profile, 
penetrating past the critical surface (22). 
This effect was inferred by Liu and Um-
stadter (71) from observations of a reduction

\ , 

of the plasma thermal expansion when the 
laser intensity exceeded 5 x loi6W/cm2. 

SoM-density plasmas. Solid-density (> 
electrons per square centimeter) plasmas 
with kilovolt temperatures exist only in the 
interior of stars or inertially confined plas-
mas. However, short, intense (-10l8 W/cm2) 
pulses of extremely high contrast can pro-
duce extremely hot, near-solid-density plas-
mas by interacting with a solid target. Be-
cause of the short duration and high contrast 
of the pulse, a near-solid-density plasma is 
formed before the olasma can exoand and 
cool. This was recently demonstrated in a set 
of experiments by Kieffer et al. with a 2-TW, 
0.5-pm laser pulse (400 fs) focused on a solid 
aluminum target at intensities up to Ih2 = 
loi8W pm2/cm2(73). In Fig. 10A, we show-

-
trum of Li-like aluminum irradiated with a 
l-pm pulse at 4 x 10" W/cm2 with a 
several-nanosecond-longprepulse at 8 x 10" 
W/cm2. This line spectrum indicates strong 
non-Maxwellian and nonstationarv effects 
and is typical of an interaction between a 
subpicosecond pulse and a preformed plasma 
having a gradient scale length of a few laser 
wavelengths. Figure 10B shows the time-
integrated Li-like spectrum obtained when 
the target is irradiated with a high-contrast, 
0.5-pm pulse at 1018 W/cmZ (prepulse sup-
pression caused by frequency doubling). The 
line shape and line broadening (72, 73) indi-
cate that this Li-like emission (effective atom-
ic number Z* = 10) is produced at an electron 
density of 4 x loz3 ~ m - ~ .This behavior, 
which is not expected from scaling laws based 
on the thermal expansion of the plasma, 
indicates the presence of a strong radiation 
oressure of a few hundred me~abars." 

Inertial confinement fusion. Conventional 
inertial confinement fusion (ICF) relies on 
the formation of a hot central core within 
the dense fuel to spark ignition. This con-
dition is achieved by the rapid, highly 
symmetric, spherical implosion of the cap-
sule driven by temporally shaped multi-
nanosecond pulses delivered either directly 
bv a multitude of laser beams or indirectlv 
by x-rays. Because of the extreme require-
ments on svmmetrv and the necessitv to 
achieve both high t;mperature and deisity 
in the implosion, conventional ICF re-
quires substantial energy from the laser to 
achieve ignition and fusion burn (74) of the 
deuterium-tritrium (D-T) fuel (Fig. 11). 

In 1991, work began on a new concept 
to ienite the comoressed D-T fuel in an ICF" 
implosion. The concept requires the deliv-
erv of an intense. multikiloioule ~ u l s eto 
the dense, imploded fuel within a fiw pico-
seconds (75). The "fast ignition" concept 
decouples compression from ignition and 
thereby substantially reduces the require-
ments both on implosion symmetry and 

Wavelength (A) Wavelength (A) 
Fig. 10. The Li-like emission from the interaction of an intense (-2 x 1018W/cm2) pulse with an 
aluminum target: (A) with prepulse (1053 nm) and (B) w~thoutprepulse (527 nm). The line 
broadening indicates a plasma density of 4 x loz3~ m - ~ .[From Kieffer eta/ .  (73)] 
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laser energy necessary to achieve target gain 
(Fig. 11). Instead of relying on a shock-
heated central core, the essential idea is to 
assemble the fuel with sufficient density to 
sustain fusion burn but with a low and 
uniform temperature (a few hundred elec
tron volts). At the point of maximum 
compression, the ion temperature is rapidly 
increased to ignition conditions (5 to 10 
keV). The "heat" is injected by relativistic 
electrons (~1 MeV) produced by the inter
action of intense (> 1020 W/cm2) laser light 
with plasma at and beyond critical density. 
The electrons deposit their energy through 
collisions in the dense fuel. 

The electrons must be produced and 
deposit their energy before the compressed 
fuel can disassemble. A dense D-T plasma 
of effective radius (R) will disassemble in a 
time on the order of (R)/cs, where cs is the 
sound speed. Simple calculations, support
ed by detailed LASNEX (76) numerical 
modeling, show that the time for disassem
bly of the compressed fuel is on the order of 
50 ps but decreases to less than 10 ps as the 
fuel is heated. On the other hand, the 
electron-ion equilibration time, Tei, is on 
the order of a picosecond. Balancing pellet 
disassembly with electron-ion equilibration 
dictates that the ignitor pulse be between 1 
and 10 ps. 

Relative to the solid foundation of con
ventional ICF, the "fast ignition" concept 
is still in its infancy and relies on many of 
the phenomena associated with relativistic 
laser plasmas that are only now being ad
dressed. The petawatt laser described previ
ously is being developed to test the fast 
ignition concept and provide a facility for 
the investigation of laser plasma phenome
na at values of IX2 to 1021 W |xm2/cm2 and 
beyond. 

F f = 4 x 1 0 7 c m / s ^ 3 x 1 0 7 c m / s i 

1 I i i • < • ' J'l i I I i i LbJ 
0.1 1 10 

Laser energy (MJ) 

Fig. 11. Predicted fusion gain of an indirectly 
driven deuterium-tritrium capsule as a function 
of 351 -nm laser energy. The lower curves rep
resent the gain achieved in convention ICF at 
different implosion velocities (74). The upper 
curve represents the theoretical operating re
gime of a fast electron ignited capsule (75). 
The operating regime of the proposed National 
Ignition Facility (NIF) is shown superimposed. 

Conclusion 

The development of terawatt, and soon 
petawatt, lasers based on CPA has led to 
new opportunities in the interaction of 
intense laser radiation with matter. In this 
article, we have focused on the enabling 
laser technology and introduced the appli
cation of these sources to atomic and plas
ma physics. Continuing laser development 
to produce both high-energy (kilojoule), 
low-repetition-rate systems and low-energy 
(millijoule) high-repetition-rate (kilohertz) 
(77) systems will further expand the appli
cations of these powerful new laser sources. 
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Sex Determination and Dosage 
Compensation: Lessons from 

Flies and Worms 
Susan M. Parkhurst and Philip M. Meneely 

is implemented by a hierarchy of a small 
number of genes that function to control 
somatic sex differentiation, germline sex de-
termination, or X-chromosome dosage com-
pensation. In recent years, molecular and 
genetic studies have increased our under-
standing of the means by which the signal 
from the X:A ratio is established, main-
tained, and transmitted to downstream ef-
fector genes. In this article, we summarize 
recent progress in sex determination and 
dosage compensation in C .  elegans and Dro-
sophila and compare sex determination and 
dosage compensation in these organisms to 
these processes in mice and humans. 

Somatic Sex Determination 
In both Drosophila melanogaster and Caenorhabditiselegans somatic sex determination, 
germline sex determination, and dosage compensation are controlled by means of a One of the first tasks of a fly embryo is to 
chromosomal signal known as the X:A ratio. A variety of mechanisms are used for es- assess its chromosomal constitution. Trans-
tablishing and implementingthe chromosomalsignal,andthese do not appear to be similar duction of this X:A signal activates a key 
in the two species. instead, the study of sex determination and dosage compensation is regulatory gene, Sex-lethal (Sxl ) ,  that in 
providing more general lessonsabout differenttypes of signaling pathways used to control turn regulates the choice between the fe-
alternative developmental states of cells and organisms. 

Sex determination is a particularly appeal-
ing model system in which to study devel-
opmental biology because the developmen-
tal decision is made between onlv two 
alternative states, male or female, each of 
which is viable and easily identifiable even 
within a single cell or a small group of cells. 
The sum of these individual cellular deci-
sions in the soma. referred to as somatic sex 

elegans is considerably more elaborate. The 
Y chromosome is not an important signal in 
Drosophila in which males are XY and is not 
even present in C. elegans in which males 
are normally XO. Instead, the chromosomal 
signal is the ratio of the number of X 
chromosomes to the number of sets of 
autosomes, referred to as the X:A ratio 
(4). Normal animals are di~loid.that is. 

male and male developmental pathways 
(5). The sex determination decision is cell-
autonomous: the decision is stably and in-
dependently made by single cells. Sxl also 
regulates dosage compensation to increase 
X-linked gene expression in males that 
have only one X chromosome to the same 
level as that of females that have two X 
chromosomes. Intermediate X:A ratios 
yield intersex flies whose tissues are mosaics 
of male and female cells. Females reauire 
continuous Sxl activity for proper sexual 
develo~ment.whereas males do not reauire 

~ ., . . 
determination, is' seen in the whole orga- have two sets of autosomes (A = 2): Sxl. ~ b t hthe lack of Sxl expressioA in 
nism as the mor~hologicaldifferences be- Because females have two X chromo- females or the constitutive ex~ressionof Sxl 

u 

tween male and female. There are also somes, their X:A ratio is 1, whereas males in males results in sex-specific lethality 
differences in germline sex determination with one X chromosome have an X:A because of inappropriate X-chromosome 
that give rise to either sperm or oocytes ratio of 0.5. The signal from the X:A ratio dosage compensation. 
and, in levels of X-linked gene expression, 
a process called dosage compensation. Fig. 1. Summary of the snV1iz

Although other signals, including envi- genes and the,r interac- da 11(2)d ix..-
ronmental cues, are used as a signal in some tions governing somatic tra-2 dsxLSexual 

organisms, the signal for sex determination sex determination in Dro-
differentiation 

and dosage compensation in Caenorhabditis sophila. The primary signal hsxlp~-sxl 3 t r a ~ ~ e x - s p e c i f i c  neural functions 

elegans, Drosophila rnelanogaster, and in for sex determination is the $ggl +-,--emc 
mammals is chromosomal. The overall X:A ratio. Three genes that runt -? 
strategy for mammalian sex determination 
appears to be relatively simple: the phylo-
genetically conserved Tdy (testes-determin-
ing on Y) locus, identified on the Y chro-
mosome, acts as a positive signal for testes 
development and subsequent male sexual 
differentiation (1, 2). In an apparently in-
dependent event, the organism recognizes 
the number of X chromosomes and inacti-
vates all but one in order to achieve dosage 
compensation in females (3). 

In contrast to mammals, the chromo-
somal signal for sex determination and dos-

u 

age compensation in Drosophila and C. 
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assess the X component of dpn) A J 
this ratio (sis-a, sis-b, and 
runt) work in conjunction 
with the Da protein to ini-
tiate Sxl expression at its 
early promoter, Sxl P,. Two negatively acting factors, one assessing the autosomal component of 
the X:A ratio, dpn, and a maternally required gene, emc, inhibit the activity of the X counting 
elements. Once Sxl expression is initiated, a positive autoregulatory feedback loop is established 
through its late, maintenance promoter, Sxl P,. The products of the snfliz and fl(2)dgenes appear 
to be involved in setting up this autoregulatory pathway. Active SXL protein then directs a cascade 
of sex-specific splicing interactions that culminates in the transcriptional regulation of target 
differentiation genes that specify male or female morphogenetic products. The inset shows the 
relation of the Sxl P, and Sxl P, promoters. (Only the splicing for relevant exons is shown.) Early 
transcripts from the SxlP, promoter are produced in animals with a high X:Aratio.These transcripts 
are spliced to yield full-length active SXL protein that in turn is needed for productive splicing of the 
late transcript in females. Because males do not accumulate full-length active SXL protein from the 
Sxl P, promoter, they do not exclude an exon containing a stop codon and produce truncated, 
inactive protein. It is not known how the early transcripts from the Sxl P, promoter are spliced 
productively in the initial absence of active SXL protein. 
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