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Abstract 

The principles of initiating fusion by lasers and 
high-energy laser systna technology are reviewed. Non
linear optical propagation at high intensities in 
laser aaplifiers is described and is related to the 
system requirements for' a laser used to produce fusion. 

Introduction 

In this paper we review those aspects of laser 
technology pertaining to the optical initiation of 
thermonuclear fusion. Rather than speculate about as-
yet-undeveloped fusion reactors, we consider the re
lationship between the principles of initiating fusion 
by lasers and laser systea design. H» show that, with 
current technology, the development of a laser to 
deaonstrate "breakeven" fusion is a formidable systems 
problem. 

Principles of Fusion Initiation by Lasers 

Kith the advuit of the laser, it is.possible to store 
energy at relatively low mean power in a population 
inversion of an atoaic or molecular systea. This en
ergy can then be delivered in a colliaated, coherent, 
intense optical pulse in a tiae of 10-10 s e c or less. 
In addition, these coherence properties enable this 
ultrashort pulse to be focused into a diffraction-
limited volume of approximately 10-8 ca s, yielding a 
very high energy density. 
Mien energy is delivered to a pellet of thermonuclear 

fuel very rapidly by a laser, the resulting plasma can 
be inertially confined. The confinement tiae is the 
tiae required for a rarefaction wave to propagate from 
the boundary of the burning fuel to the center. For a 
sphere of hot plasma, this tiae is proportional to the 
radius, r, divided by the speed of sound (about 
10 s cm/sec). 
Analogous to the low density CTR Lawson criterion, 

an inertially confined, laser-heated plasma must sat
isfy the condition pr > 1 g/ca 2 at a temperature of S 
to 10 keV for an efficient burn, where p is the aass 
density. These values of pr can be achieved by spher
ical compression to super-high densities1 (10' to 10* 
times liquid density). From purely geometric consider
ations, compression increases the density faster than 
it decreases the radius. This density increase reduces 
the fuel mass and laser energy required for a thermo
nuclear burn. With a sufficiently large pr product, 
a-particles produ ed by the burn are absorbed within 
the reacting volume, providing further heating. 
Compression to super-high density can be obtained 

with an appropriately shaped laser pulse uniformly ir
radiating the pellet. It has been shown1 that the op-
tiaua laser pulse intensity dependence is closely 
proportional to (1 - t/T)-Z where T is the transit 
tiae of the initial shock wave. The initial laser in
tensity increases relatively gradually, generating a 

barely supersonic shock wave. A low density atmosphere 
is ablated from the pellet, imploding the core and 
smoothing perturbations of the incident energy deposi
tion and implosion symmetry. The laser intensity is 
then varied so that the compression is isentropic. 

Because lasers are definitely energy limited, very 
small pellets must bo compressed to super-high den
sities, both to minimize the fuel aass required and 
to obtain at least as much fusion energy output as 
laser pulse energy input. This is defined as "break
even" fusion. The inertial confinement tiae is small; 
therefore the laser pulse Bust be short. For a 10* J 
shaped laser pulse, the last half of the energy must 
be delivered in 10-1° sac. For a 103 J pulse, this 
time shortens to 2 x 10-11 sec. This yields a pre
scription for the laser. 

NdiGlass Laser Technology 

The details of the generation and diagnostics of 
ultrashort laser pulses have been presented by 
OeKaria, e£ al 2 and Ouguay, e£ al^, respectively. It 
is the goal of" this section to review the current 
status of the technology of large laser systems with 
application to thermonuclear fusion. We will confine 
the scope of this discussion to neodymiua-doped glass 
laser. 

The Oscillator 

The schematic of a typical laser system is shown in 
Fig. 1. The oscillator (A, Fig. 1) is mode-locked2 v.o 
produce a pulse train of ultrashort pulses (of the 
order of 10*1° sec or less) and a separation of a few 
nanoseconds. The energy of each pulse is only a few 
aillijoules. The wavelength is 1.06 u (near infrared). 
Mode-locking is accomplished by the introduction of a 
saturable absorber in the optical resonant cavity of 
the laser oscillator. Nonlinearities due to the pres
ence of the saturable absorber couple (or "lock") the 
longitudinal resonances of the optical resonator into 
phase synchronization. These resonances can then be 
considered as the equivalent of the elements of a 
Fourier series. Because the spectral extent of this 
space of Fourier components is very broad, the result
ant pulse is very short. 

In principle, a mode-locked oscillator should pro
duce a pulse duration equal to the inverse of the 
bandwidth of the laser gain medium. However, with 
Nd:glass oscillators this is not the case, due to the 
nonlinear optical propagation processes which occur 
in the laser medium (treated in the next section). 
Nd:glass oscillators typically produce a pulse dura
tion much longer than the inverse bandwidth of the 
gain spectral width. The "unused" bandwidth results 
in subpicosecond amplitude modulation of the pulse 
envelope and/or a frequency chirp of the optical car
rier. 
The oscillator and small-diameter preamplifiers of 

a large Nd:glass laser systea utilize a crystalline 
material (neodyaiua doped yttrium aluminum gamet — 
Nd:YAG) as the laser aediur., since this material is 
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Fig. 1. Scheaatic diagram of large laser system: (A) 
expansion telescope; (E) disk amplifier. 

much lass susceptible than glass to nonlinear effects. 
In addition to the minimization of nonlinear optical 
propagation effects, this material has a relatively 
high thermal conductivity compared to glass, permit
ting a fast repetition rate. This is •specially useful 
for diagnostic and alignment purposes. Nd:YAG is cur
rently available only in small diameters due to the 
limitation imposed by crystal growing technology. 
The duration of the individual pulses emitted by 

the oscillator can be increased by the introduction 
of interferometric bandwidth limiters in the resonant 
cavity. Typically, a mode-locked Nd:glass oscillator 
produces a S to 10 psec pulse, although the bandwidth 
will permit 0.4 psec, and a Nd:Y>6 oscillator pro
duces a bandwidth-limited 8 psec pulse. 

The Switch-Out 

The switch-out (B, Fig. 1) is a gated electro-optic 
shutter used to select a single pulse from the train 
produced by the mode-locked oscillator and to trans
mit it to the amplifier chain. The window width of 
the shutter is adjusted to select only one pulse. 
Accompanying this pulse is a "pedestal" comprised 

of amplified spontaneous emission which is always 
present in the oscillator cavity. Although of low 
intensity relative to the laser pulse, this pedestal 
could contain a great deal of energy since it is 
coupled to the optical amplifier chain during the 
duration of the switch-out window width. This extra
neous and unprograamed background energy could be 
further amplified to both degrade system performance 
and disturb the time-dependent intensity at the fuel 
pellet. 

The detection and measurement of background energy 
and spurious satellite puls"i :' currently a develop
mental effort. 

The Amplifier Chain 

A chain of laser amplifiers is required to increase 
the pulse energy since the oscillator and switch-out 
provide only a few millijoules. The amplifier chain 
consists of a series of individual stages of sequen
tially increasing aperture (C, 0, C, D, Fig. 1). This 
aperture increase is needed to keep the pulse energy 
per unit area below the breakdown value, minimizing 
damage to the amplifiers as the total energy in
creases. Beam expansion telescopes are used between 
the stages. 
Although the glass host material can be cast in 

large diameters, the maximum aperture of a rod ampli
fier is limited by optical pumping considerations. 
At large diameters, neodymium ions at the center of 
the rod are screened from the flashlamp pump light by 
those near the rod surface. Therefore an annular dis
tribution of population inversion is created, reduc
ing the effective lasing aperture of the rod. 

oscillator; (B) switch-out; (C) rod amplifier; (D) beau 

This problem can be circumvented by using disks in 
the final amplifier stages in place of rods (E, 
Fig. 1). The disks are placed in the beam at the 
Brewster's angle to eliminate interface reflections 
for the laser polarization. The flashlaaps are arrayed 
around the disks so that the pump light enters the 
material through the broad faces. Since each disk is 
thin compared to the diameter, a uniform population 
inversion is established, both axially and radially. 
The maximum aperture of a disk amplifier is deter

mined by the transverse and circumferential depletion 
nodes of the population inversion. In an amplifier, 
the maximum population inversion is synchronized to 
the arrival time of the laser pulse. Unless care is 
taken before arrival of the laser pulse, spontaneous 
emission processes in the amplifier can deplete the 
energy storage. This process is termed "prelasing." 
Transverse and circumferential prelasing are minimized 
by limiting the disk diameter and suppressing reflec
tions at the edge. Longitudinal prelasing in the back
ward direction is controlled by inserting optical 
isolators in the beam line. In the forward direction, 
this could be controlled by fast optical shutters. 
For a 10"*° sec pulse, an experimental number for 

the damage threshold of laser glass is about 10 J/at2. 
The practical limit of laser rod diameter is about 
6.4 cm. Using the more conservative figure for damage 
threshold of 4 J/cm2 yields a total output energy of 
130 J from the largest diameter rod stage. This more 
conservative figure is used because of nonuniformities 
in the population inversion and because a rod of this 
size is very expensive to replace. A typical diameter 
for a disk is 14 cm. When inclined at the Brewster's 
angle, this provides an aperture of 45 cm 2. Using the 
larger damage threshold figure (because disks cost less 
than rods) yields a maximum output of 450 J from a 
multi-element disk amplifier. 

Increased knowledge about the damage mechanisms and 
the ability to design larger diameter disk amplifiers 
will raise this energy. However, these estimates 
assume a uniform, smoothly varying laser beam cross-
section. The presence of "hot spots" (due to nonlinear 
effects, diffraction, or interference) will cause 
Idealized damage at overall energy levels much less than 
these estimates. 

Multichannel Systems 
When the aperture limit for the amplifier chain has 

been attained, it is then necessary to split the beam 
into two or mora parts. This beamsplitter is followed 
by additional amplification up to the aperture limit in 
each channel (Fig. 2). Each of these beams can be 
split and amplified. Subdivision into many parallel 
channels can be taken as far as system stability and 
reliability will permit. The result is to multiply 
the maximum energy output of an amplifier chain by the 
number of parallel channels. 
The outputs from these channels are deflected to 

impinge upon the target chamber and focusing lenses, 
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Fig. 2. Schematic diagraa of aultichannel laser systea (isolators not shown). 

equally spaced through 4w steradians. This serves to 
irradiate the fuel pellet in a nearly unifora Banner. 
To iapleaent aultichannel laser systems will require 

development of optical components such as beamsplitters 
and turning prisms which will endure these very high 
pulse intensities. Development is also required of 
low loss, high extinction optical isolators to protect 
the laser system from reflections by the target plasm*. 
Nd:glass lasers are only about 0.1* efficient. There

fore a 10 4 J systea will require about 10 HI of energy 
storage to drive the flashlaaps. 

The Effects of Nonlinear Propagation 
In this section we review soae aspects of the non-

linearities in the propagation of very intense 

optical pulses through inverted media, i.e., media in 
which a population inversion has been established. 
The effects considered are gain saturation and non
linear index of refraction. 

Gain Saturation 
Saturation of the gain of a laser amplifier occurs 

at high photon flux, causing distortion of both the 
tiae and radial intensity dependence of the pulse. In 
the low intensity region, small-signal conditions 
hold and all parts of the pulse are amplified as an 
exponential function of distance. Ha/never, as the 
pulse is amplified the leading portion contains suf
ficient photons to deplete the population inversion 
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by stimulated eaission. The photon* in the trailing 
Iportion of the pulse encounter this depleted inversion 
and therefore are amplified less. Preferential 
amplification of the leading edge causes it to steepen 
relative to the pulse tail, yielding distortion of 
the tiae dependence of the pulse. An initially sym
metrical pulse Mill thus have its shape "skewed 
forward." 
The pulse generated by a well designed oscillator 

has Gaussian radial dependence of the intensity. The 
center region, being initially more intense, encoun
ters gain saturation sooner than the edge region. The 
edge region continues to be amplified exponentially, 
causing the edge intensity "to catch-up" with that in 
the center. The pulse then propagates uniformly, 
saturating the amplifier across the entire aperture, 
except for truncation effects at the extreme edge. 

Nonlinear Index of Refract ion 

At viy high intensities, the index of refraction of 
all optical materials becomes dependent on the pulse 
intensity. This causes three effects: material damage 
(self-focusing); pulse shape distortion (self-steepen
ing); and pulse spectral broadening beyond the gain 
spectral width of the amplifier chain (self-phase 
modulation). 

The index of refraction of all materials can be 
expressed as a function of the optical electric field, 
E, of the light wave as 

» - » 0 • » 2|E| 2 

where n. is the low intensity index, n, the optical , 
Kerr constant characteristic of the material, and |E| 
is a time average proportional to the pulse intensity. 
For materials with electronic polarizability, this 
perturbation to the index occurs on a tiae scale of the 
order of 10-** sec. 
A pulse of Gaussian radial dependence will propagate 

through the laser chain with the edge region moving 
faster than the center. This occurs because the 
intensity (and hence the index of refraction) is 
greater in the center. This radial velocity distribu
tion with a maximum at the edge causes the wavefront 
to become convergent towards the center and the pulse 
self-focuses. Once this process begins, it occurs 
with ever-increasing speed because focusing serves to 
increase the center intensity even more. Damage to 
the laser material happens when the center intensity 
exceeds the damage limit. This phenomenon is accen
tuated by hot spots in the beam. 
The nonlinear index of refraction also distorts the 

pulse time dependence. The pulse maximum will pro
pagate at a lower velocity than both the leading and 
trailing edges due to the intensity-dependent index. 
Therefore, in a frame of reference moving with the 
pulse maximum, the leading edge will run forward and 
the trailing edge will catch-up. In the limit, the 
pulse shape becomes triangularly shaped, with the 
intensity maximum at the very end. This is termed 
self-steepening. 

Because the different intensity components of the 
pulse propagate at different velocities, radial and 
time-dependent phase differences occur. This time-
dependent self-phase modulation creates frequency 
sidebands which broaden the pulse spectrum. Broadening 
of the pulse spectrum outside of the spectral width of 
the amplifying medium transfers energy outside the 
gain spectrum, decreasing system performance. Inter
ference effects among these sidebands result in the 
presence of picosecond and subpicosecond amplitude 
modulation of the pulse envelope. High-frequency 
amplitude modulation can also lead to temporal hot 
spots which will self-focus. 
Other nonlinearities exist such as stimulated Raman 

scattering, stimulated Brillouin scattering, and non

linear absorption due to two-photon absorption. The 
effects on the pulse shape resulting from gain satura
tion will be superimposed on those produced by non
linear index of refraction; however, the exact inter
relationships are complex. Computer codes are being 
written to study then. 

Conclusion 

He have reviewed the laser pulse requirements for 
thermonuclear bum, the technology of short-pulse, 
high-energy laser systems, and presented a phenomeno-
logical description of the nonlinear propagation 
processes which occur in them. 

These nonlinear processes lead to distortion of the 
pulse shape in both time and space, catastrophic self-
focusing of the beam, and broadening of the pulse 
spectrum. These effects must be accounted for in order 
to develop a system that will provide a pulse of well-
characterized shape. 
To achieve such a system, each of the elements must 

be designed for optimum performance and durability. 
Also, the system as a whole must be computer isodeled 
and designed to minimize propagation nonlinearities. 
It is very important to reduce the probability of 
damage both to maximize the number of shots between 
component failures and to reduce the system downtime 
required for optical alignment after th« replacement 
of a damaged component. 
The system must also be designed to function in the 

vicinity of a small thermonuclear explosion. Radia
tion vulnerability of the optical components must 
therefore be considered. 
Due to the complexity of a large system, the controls 

and interlocks must be computerized. As much as 
possible, the diagnostic information should be computer 
processed also. 

Let us define a laser system of 10* J pulse energy 
nt the target in a total duration of 0.1 nsec as one 
suitable to produce breakeven thermonuclear fusion. 
This design goal is considered in order to allow pulse 
shaping after the amplification. A good approximation 
of a shaped pulse could be constructed by a super
position of time delayed pulses from the many parallel 
channels. This enables pulse shaping independently of 
nonlinear processes in the amplifiers. We have seen 
that our present technology requires probably 20 
parallel channels of amplification to yield this 
energy. It is not unreasonable to expect that com
puter designed disk amplifiers and laser systems will 
reduce this number to 6 to 10 parallel channels. 
Given the present reliability of laser system elements, 
a 20-channel system is probably too complex to func
tion with any degree of reliability. A 6 to 10 
channel system, with improved component reliability, 
seems feasible. This remains, however, a formidable 
systems problem. 
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