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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- 

2315 Phys. Fluids B 4 (7), July 1992 0899-8213/92/072315-11$04.00 @ 1992 American Institute of Physics 2315 

Development and applications of compact high-intensity lasers* 
G. Mourou+ and D. Umstadter 
Center for Ultrafast Optical Sciences, University of Michigan, Ann Arbor, Michigan 48109-2099 

(Received 18 December 1991; accepted 12 March 1992) 

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- 

2315 Phys. Fluids B 4 (7), July 1992 0899-8213/92/072315-11$04.00 @ 1992 American Institute of Physics 2315 

 4



Development and applications of compact high-intensity lasers* 
G. Mourou+ and D. Umstadter 
Center for Ultrafast Optical Sciences, University of Michigan, Ann Arbor, Michigan 48109-2099 

(Received 18 December 1991; accepted 12 March 1992) 

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- 

2315 Phys. Fluids B 4 (7), July 1992 0899-8213/92/072315-11$04.00 @ 1992 American Institute of Physics 2315 

Development and applications of compact high-intensity lasers* 
G. Mourou+ and D. Umstadter 
Center for Ultrafast Optical Sciences, University of Michigan, Ann Arbor, Michigan 48109-2099 

(Received 18 December 1991; accepted 12 March 1992) 

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- 

2315 Phys. Fluids B 4 (7), July 1992 0899-8213/92/072315-11$04.00 @ 1992 American Institute of Physics 2315 

 5



KW r L free running 
A c 
T1960 1970 1980 1990 

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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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. 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 

SOOm slnale 
mode fib& 

:I~~ 
wings are rejected 

cleaned pulse 

FIG. 3. Schematic of the front end of a CPA-based Nd:glass laser system configuration. 
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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. 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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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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Superposition, Entanglement, 
and Raising Schrödinger’s Cat
Nobel Lecture, December 8, 2012

by David J. Wineland
National Institute of Standards and Technology, Boulder, CO, 
USA; University of Colorado, Boulder, CO, USA.

I. INTRODUC TION

Experimental control of quantum systems has been pursued widely since the 
invention of quantum mechanics. In the first part of the 20th century, atomic 
physics helped provide a test-bed for quantum mechanics through studies of 
atoms’ internal energy differences and their interaction with radiation. The ad-
vent of spectrally pure, tunable radiation sources such as microwave oscillators 
and lasers dramatically improved these studies by enabling the coherent con-
trol of atoms’ internal states to deterministically prepare superposition states, as 
for example in the Ramsey method (Ramsey, 1990). More recently this control 
has been extended to the external (motional) states of atoms. Laser cooling and 
other refrigeration techniques have provided the initial states for a number of 
interesting studies, such as Bose-Einstein condensation. Similarly, control of the 
quantum states of artificial atoms in the context of condensed-matter systems 
is achieved in many laboratories throughout the world. To give proper recog-
nition to all of these works would be a daunting task; therefore, I will restrict 
these notes to experiments on quantum control of internal and external states 
of trapped atomic ions.

The precise manipulation of any system requires low-noise controls and 
isolation of the system from its environment. Of course the controls can be re-
garded as part of the environment, so we mean that the system must be isolated 
from the uncontrolled or noisy parts of the environment. A simple example of 
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by storing the ions in an RF (Paul) trap. One challenge was that detection by 
optical pumping was (and still is) not feasible because of the short wavelengths 
required. Therefore, in a heroic set of experiments, state preparation was accom-
plished through charge exchange with a polarized Cs beam that passed through 
the ions. Detection was accomplished through a charge-transfer process (3He+ 
+ Cs → 3He + Cs+) that depended on the internal state of 3He+, followed by 
detection of the depleted 3He+ ion number by observing the ions’ induced cur-
rents in the trap electrodes (Fortson et al. 1966; Schuessler et al. 1969).

Although these experiments were what first attracted me to ion trapping, 
my postdoctoral research with Dehmelt, starting in the fall of 1970, was focused 
on experiments where collections of electrons were confined in a Penning trap 
for a precise measurement of the electron’s magnetic moment or g-factor. These 
experiments were started by Dehmelt’s graduate student, Fred Walls, who later 
became my colleague at the National Bureau of Standards. After a while, it be-
came clear that systematic effects in the experiment would be much better con-
trolled if the experiment could be performed on single electrons. Therefore, a 
first task was to isolate a single trapped electron. This was accomplished by first 
loading a small number of electrons into the trap and driving their nearly har-
monic motion (∼ 60 MHz) along the magnetic field direction. This motion could 
be detected by observing the currents induced in the electrodes (proportional 
to the number of electrons). By adjusting the strength of the drive to a critical 
level, occasionally one of the electrons would gain enough energy to strike a 
trap electrode and be lost. Steps in the induced current level could then be used 
to determine when one electron was confined in the trap (Wineland et al. 1973). 
Subsequent experiments on single electrons by Robert Van Dyck, Paul Schwin-
berg and Dehmelt were used to make precision measurements of the electron’s 
g-factor (Dehmelt 1990; Van Dyck et al. 1977). For this and the development of 
the ion-trapping technique, Dehmelt and Wolfgang Paul shared the Nobel Prize 
in 1989, along with Ramsey.

The modes of motion for a single charged particle in a Penning trap include 
one circular mode about the trap axis called the magnetron mode. For the elec-
tron g-factor experiments, it was desirable to locate the electron as close to the 
trap axis as possible by reducing the amplitude of this mode. This could be ac-
complished with a form of “sideband cooling” (Wineland and Dehmelt 1975a, 
1976) as demonstrated in (Van Dyck et al. 1978). Around this time, I was also 
stimulated by the papers of Arthur Ashkin (Ashkin 1970a, b) on the possibili-
ties of radiation pressure from lasers affecting the motion of atoms. In analogy 
with the electron sideband cooling, Dehmelt and I came up with a scheme for 
cooling trapped-ion motion with laser beams (Wineland and Dehmelt 1975b, 
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see below). The cooling could also be explained in terms of velocity-dependent 
radiation pressure as in a concurrent proposal by Ted Hänsch and Art Schawlow 
(Hänsch and Schawlow 1975). We didn’t anticipate all of the uses of laser cooling 
at the time, but it was clear that it would be important for high-resolution spec-
troscopy of trapped ions. For example, the largest systematic uncertainty in the 
3He+ experiment (Schuessler et al., 1969) was the uncertainty in the time dilation 
shift, which would be reduced with cooling.

In the summer of 1975, I took a position in the Time and Frequency Divi-
sion of NIST (then NBS, the National Bureau of Standards). My first task was to 
help make a measurement of the cesium hyperfine frequency, the frequency 
reference that defines the second. The apparatus, NBS-6, had been built by Da-
vid Glaze of the Division. It was a traditional atomic beam apparatus but had a 
relatively long distance between Ramsey zones of 3.75 m. With it, we realized a 
fractional accuracy of 0.9 × 10−13 (Wineland et al., 1976). At that time, the Division 
was more service oriented, with very little basic research. Fortunately my group 
leader, Helmut Hellwig, had a progressive view of the Division’s future and was 
able to obtain NBS support to initiate laser cooling experiments. That support, 
along with some seed money from the Office of Naval Research (ONR), allowed 
us to start a project on laser cooling in the fall of 1977. With Robert Drullinger (a 
local laser expert) and Fred Walls, we chose to use 24Mg+ because of its simple 
electronic structure and Penning traps and because of our prior experience 
with them. This was a very exciting time, being able to work on a project of our 
choosing. By the spring of 1978, we had obtained our first cooling results (Wine-
land et al. 1978). In our experiments we observed currents in the trap electrodes 
induced by the ions’ thermal motion and hence had a direct measurement of 
the ions’ temperature. Meanwhile, Peter Toschek’s group in Heidelberg (joined 
by Dehmelt, who was on sabbatical), was working towards the same goal, using 
Ba+ ions confined in an RF Paul trap. They, with colleagues Werner Neuhauser 
and Martin Hohenstatt also observed the cooling at about the same time (Neu-
hauser et al. 1978), through the increased trapping lifetime of ions. In a near co-
incidence, although there was no contact between the groups, the manuscripts 
were received by Physical Review Letters within one day of each other (Peter 
Toschek’s group “won” by one day!). The cooling observed in both experiments 
is typically called Doppler cooling, where the oscillation frequency of the ions’ 
motion is less than the line width of cooling transition. Theoretical groups were 
becoming interested in the cooling, some of the earlier work is discussed in 
(Kazantsev 1978; Letokhov et al. 1977; Stenholm 1986).

To us, the cooling of course provided a start towards improving clocks 
and in 1985, working with John Bollinger, John Prestage, and Wayne Itano, we 
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just milliwatts of power, particle motion was observed in the
direction of a mildly focused Gaussian beam. The particle velocity
was in approximate agreement with our crude force estimates,
suggesting that this was indeed a radiation pressure effect.
However, an additional unanticipated force component was soon
discovered that strongly pulled particles located in the fringes of
the beam into the high intensity region on the beam axis. Once
on axis, particles stayed there and moved forward, even if the
entire beam was slued back and forth within the chamber.
Particles were being guided by the light! They finally collected in
a clump at the output face of the chamber. When the light was
turned off, they wandered toward the fringes of the beam. If the
light was turned on again, they were quickly pulled to the beam
axis. Was this transverse force component light pressure, too?

Fig. 1 shows that both of these force components do indeed
originate from radiation pressure. Imagine a high index of refrac-
tion sphere, many wavelengths in diameter, placed off-axis in a
mildly focused Gaussian beam. Consider a typical pair of rays ‘‘a’’
and ‘‘b’’ striking the sphere symmetrically about its center O.
Neglecting relatively minor surface reflections, most of the rays
refract through the particle, giving rise to forces Fa and Fb in the
direction of the momentum change. Because the intensity of ray
‘‘a’’ is higher than that of ray ‘‘b,’’ the force Fa is greater than Fb.
Adding all such symmetrical pairs of rays striking the sphere, one
sees that the net force can be resolved into two components, Fscat,
called the scattering force component pointing in the direction of
the incident light, and Fgrad, a gradient component arising from the
gradient in light intensity and pointing transversely toward the high
intensity region of the beam. For a particle on axis or in a plane
wave, Fa 5 Fb, and there is no net gradient force component. A
more detailed calculation of the sum of the forces of all the rays
striking the sphere gave a net force in excellent agreement with the
observed velocity. For a low index particle placed off-axis, the
refraction through the particle reverses, Fa , Fb, and such a
particle should be pushed out of the beam. This behavior was seen
using micron-sized air bubbles in glycerol. One also observes, by
mixing large and small diameter spheres in the same sample, that
the large spheres move faster and pass right by the smaller spheres
as they proceed along the beam. This is a form of particle
separation and is expected from the simple ray-optic calculations.

The understanding of the magnitude and properties of these
two basic force components made it possible to devise the first
stable three-dimensional optical trap for single neutral particles.
The trap consists of two opposing moderately diverging Gaussian
beams focused at points A and B as shown in Fig. 1b. The
predominant effect in any axial displacement of a particle from
the equilibrium point E is a net-opposing scattering force. Any
radial displacement is opposed by the gradient force of both
beams. The trap was filled by capture of randomly diffusing small
particles that wandered into the trap. The viscous damping of the
liquid serves to dissipate all of the kinetic energy gained from the
trapping potential and particles come to rest at the trap center. If
one blocks one beam, the particle is driven forward and guided
by the second beam. If one restores the first beam, the particle is
pushed back to the equilibrium point E. It is surprising that this
simple first experiment (1), intended only to show simple forward

motion due to laser radiation pressure, ended up demonstrating
not only this force but the existence of the transverse force
component, particle guiding, particle separation, and stable
three-dimensional particle trapping.

The success of these experiments on macroscopic particles
prompted the hypothesis that ‘‘similar acceleration and trap-
ping are possible with atoms and molecules using laser light
tuned to specific optical transitions’’ (1). It was shown that a
scattering force should exist for atoms in the direction of the
incident light due to the process of absorption and subsequent
isotropic spontaneous emission of resonant photons. The low
intensity absorption cross-section of an atom is huge, approx-
imately l2, but absorption saturation greatly reduces it, even at
very modest light intensities (hundreds of watts per square
centimeter). The problem of saturation of the scattering force
was treated phenomenologically using the so-called ‘‘Einstein
A & B coefficients’’ to calculate the fraction of time f an atom
spends in the excited state. The scattering force is given by the
rate of scattering momentum Fscat 5 hfylt, where t is the
spontaneous emission lifetime. At high saturating intensities,
the population of a 2-level atom equalizes and f 5 1⁄2. The
magnitude of this saturated force is sufficient, however, to turn
an atomic beam of sodium of average thermal velocity through
a radius of curvature r > 40 cm, if applied continuously at right
angles to the velocity to avoid any Doppler shifts (2). If one
applies the saturated force in opposition to the atomic motion,
one can stop atoms at the average velocity in a distance of ry2
g 20 cm, assuming one compensates for the large Doppler shift
of the atomic resonance. It was suggested that one could use
the scattering force to make an atomic beam velocity selector
or an isotope separator (2). A scheme for exerting significant
optical pressure on a gas of atoms also was proposed (1).

No consideration was given in Ashkin (2) to the gradient
component of the force on atoms inasmuch as I did not under-
stand how to treat the saturation of this force. The classical
formula for the gradient force of an electromagnetic wave on a
neutral atom, considered as a simple dipole, is the dipole force
formula 1⁄2aπE2, where a is the optically induced polarizability of
the atom or particle. For atoms, the polarizability is dispersive and
changes signs above and below resonance in analogy with the
change in sign of the gradient force on high and low index
particles. a can be calculated by modelling the atom as a simple
harmonic oscillator. This gradient force formula was considered
earlier by Askar’yan (3) using lasers in a two-dimensional geom-
etry, in connection with self-focusing, the force on electrons,
atoms, and two-dimensional confinement of plasmas. Letokhov
(4) also considered very weak, off-resonant one-dimensional
confinement of atoms in laser standing waves for spectroscopic
purposes. Neither work discusses the possibility of stable three-
dimensional trapping of atoms.

Optical Levitation and Applications. The next advance in
optical trapping and manipulation was the demonstration of the
optical levitation trap in air, under conditions in which gravity
plays a significant role (5). In the levitation trap, as shown in Fig.
2, a single vertical beam confines a macroscopic particle at a point
E where gravity and the upward scattering force balance. The

FIG. 1. (A) Origin of Fscat and Fgrad for high index sphere displaced
from TEM00 beam axis. (B) Geometry of 2-beam trap.

FIG. 2. (A) Geometry of levitation trap. (B) Origin of backward
restoring force F for sphere located below tweezers focus f.

4854 Physics: Ashkin Proc. Natl. Acad. Sci. USA 94 (1997)
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Ashkin opened up a whole world of new applications with his optical tweezers. One important 
breakthrough was the ability to investigate the mechanical properties of molecular motors, large 
molecules that perform vital work inside cells. The first one to be mapped in detail using optical 
tweezers was a motor protein, kinesin, and its stepwise movement along microtubules, which are 
part of the cell’s skeleton.

From science fiction to practical applications
Over the last few years, many other researchers have been inspired to adopt Ashkin’s methods and 
further refine them. The development of innumerable applications is now driven by optical tweezers 
that make it possible to observe, turn, cut, push and pull – without touching the objects being 
investigated. In many laboratories, laser tweezers are therefore standard equipment for studying 
biological processes, such as individual proteins, molecular motors, DNA or the inner life of cells. 
Optical holography is among the most recent developments, in which thousands of tweezers can be 
used simultaneously, for example to separate healthy blood cells from infected ones, something that 
could be broadly applied in combatting malaria. 

Arthur Ashkin never ceases to be amazed over the development of his optical tweezers, a science 
fiction that is now our reality. The second part of this year’s prize – the invention of ultrashort and 
super-strong laser pulses – also once belonged to researchers’ unrealised visions of the future. 

New technology for ultrashort high-intensity beams
The inspiration came from a popular science article that described radar and its long radio waves. 
However, transferring this idea to the shorter optical light waves was difficult, both in theory and 
in practice. The breakthrough was described in the article that was published in December 1985 and 
was Donna Strickland’s first scientific publication. She had moved from Canada to the University of 
Rochester in the US, where she became attracted to laser physics by the green and red beams that lit 
up the laboratory like a Christmas tree and, not least, by the visions of her supervisor, Gérard Mourou. 
One of these has now been realised – the idea of amplifying short laser pulses to unprecedented levels. 

Laser light is created through a chain reaction in which the particles of light, photons, generate even 
more photons. These can be emitted in pulses. Ever since lasers were invented, almost 60 years ago, 
researchers have endeavoured to create more intense pulses. However, by the mid-1980s, the end 
of the road had been reached. For short pulses it was no longer practically possible to increase the 
intensity of the light without destroying the amplifying material. 

Figure 2. The optical tweezers map the molecular motor kinesin as it walks along the cell skeleton.

The kinesin molecule attaches
to a small sphere held by the 
optical tweezers.

Kinesin marches away along the 
cell skeleton. It pulls the sphere, 
making it possible to measure 
the kinesin’s stepwise motion.

Finally, the motor molecule can no 
longer withstand the force of the 
light trap and the sphere is forced 
back to the centre of the beam.

1 2 3

A motor molecule walks inside the light trap

laser beam

sphere kinesin molecule

cell skeleton
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Tools made of light

The inventions being honoured this year have revolutionised laser physics. Extremely small objects and 
incredibly fast processes now appear in a new light. Not only physics, but also chemistry, biology and 
medicine have gained precision instruments for use in basic research and practical applications.

Arthur Ashkin invented optical tweezers that grab particles, atoms and molecules with their laser beam 
fingers. Viruses, bacteria and other living cells can be held too, and examined and manipulated without 
being damaged. Ashkin’s optical tweezers have created entirely new opportunities for observing and 
controlling the machinery of life.

Gérard Mourou and Donna Strickland paved the way towards the shortest and most intense laser pulses 
created by mankind. The technique they developed has opened up new areas of research and led to 
broad industrial and medical applications; for example, millions of eye operations are performed every 
year with the sharpest of laser beams.

Travelling in beams of light
Arthur Ashkin had a dream: imagine if beams of light could be put to work and made to move objects. 
In the cult series that started in the mid-1960s, Star Trek, a tractor beam can be used to retrieve 
objects, even asteroids in space, without touching them. Of course, this sounds like pure science fic-
tion. We can feel that sunbeams carry energy – we get hot in the sun – although the pressure from 
the beam is too small for us to feel even a tiny prod. But could its force be enough to push extremely 
tiny particles and atoms?

Immediately after the invention of the first laser in 1960, Ashkin began to experiment with the new 
instrument at Bell Laboratories outside New York. In a laser, light waves move coherently, unlike 
ordinary white light in which the beams are mixed in all the colours of the rainbow and
scattered in every direction. 

Ashkin realised that a laser would be the perfect tool for getting beams of light to move small 
particles. He illuminated micrometre-sized transparent spheres and, sure enough, he immediately 
got the spheres to move. At the same time, Ashkin was surprised by how the spheres were drawn 
towards the middle of the beam, where it was most intense. The explanation is that however sharp 
a laser beam is, its intensity declines from the centre out towards the sides. Therefore, the radiation 
pressure that the laser light exerts on the particles also varies, pressing them towards the middle of 
the beam, which holds the particles at its centre. 

To also hold the particles in the direction of the beam, Ashkin added a strong lens to focus the laser 
light. The particles were then drawn towards the point that had the greatest light intensity. A light 
trap was born; it came to be known as optical tweezers. 

Julio M. Fernandez

https://biology.columbia.edu/people/fernandez
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https://www.quantamagazine.org/graduate-student-solves-quantum-verification-problem-20181008/

Graduate Student Solves Quantum 
Verification Problem
Urmila Mahadev spent eight years in graduate school solving one of the most 
basic questions in quantum computation: How do you know whether a quantum 
computer has done anything quantum at all?

But once a quantum computer can perform computations a classical 
computer can’t, how will we know if it has done them correctly? If you 
distrust an ordinary computer, you can, in theory, scrutinize every step 
of its computations for yourself. But quantum systems are 
fundamentally resistant to this kind of checking. For one thing, their 
inner workings are incredibly complex: Writing down a description of 
the internal state of a computer with just a few hundred quantum bits 
(or “qubits”) would require a hard drive larger than the entire visible 
universe.
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https://techcrunch.com/2018/10/05/d-wave-offers-
the-first-public-access-to-a-quantum-computer/

To get started on the road to quantum computing, D-
Wave built the Leap platform. The Leap is an open-
source toolkit for developers. When you sign up you 
receive one minute’s worth of quantum processing unit 
time which, given that most problems run in milliseconds, 
is more than enough to begin experimenting. A queue 
manager lines up your code and runs it in the order 
received and the answers are spit out almost instantly.
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Part 1 of 2
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Part 2 of 2
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Next Week:
Let’s try to write a q-compute program…
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