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Research with High-Power 
Short-Wavelength Lasers 

J. F. Holzrichter, E. M. Campbell, J. D. Lindl, E. Storm 

The development in the mid-1960's of quired for many of the proposed applica- 
lasers with high peak power made it tions. In these early experiments, much 
possible to create states of matter in the of the physics of high-intensity laser- 
laboratory that had previously existed matter interactions was examined (4). 
only under astrophysical conditions or in These experiments gave impetus to the 
nuclear explosions. In anticipation of the technological proposals, but they also 
ability to create such conditions on large indicated that there was nonclassical or 

Summary. Three high-temperature, high-density experiments were conducted 
recently with the 10-terawatt, short-wavelength Novette laser system at the Lawrence 
Livermore National Laboratory. The experiments demonstrated successful solutions 
to problems that arose during previous laser-plasma interaction experiments with 
long-wavelength (greater than 1 micrometer) lasers: (i) large-scale plasmas, with 
dimensions approaching those needed for high-gain inertial fusion targets, were 
produced in which potentially deleterious laser-plasma instabilities were collisionally 
damped; (ii) deuterium-tritium fuel was imploded to a density of 20 grams per cubic 
centimeter and a pressure of 1 01° atmospheres under the improved laser conditions, 
and compression conditions (preheating and pressure) were consistent with code 
calculations that predict efficient (high-gain) burn of a large thermonuclear fuel mass 
when driven with a large, short-wavelength laser; and (iii) soft x-rays were amplified 
by a factor of 700 by stimulated emission at 206 and 209 angstroms (62 electron 
volts) from selenium ions in a laser-generated plasma. These small, short-pulse x-ray 
sources are 101° to 1011 times brighter than the most powerful x-ray generators and 
synchrotron sources available today. The plasma conditions for these experiments 
were made possible by advances in Nd:glass laser technology, in techniques to 
generate efficiently its short-wavelength harmonics at 0.53, 0.35, and 0.26 microme- 
ters, and in diagnostic and computational modeling. 

scales (-1 cm), a variety of technologies 
were proposed, including laser-driven 
thermonuclear implosions (1, 2) and x- 
ray lasers (3) (Fig. 1). Because high- 
quality laser light can be focused easily 
to dimensions less than 30 pm, early 
lasers (delivering typically 1 J of energy 
in a nanosecond pulse) generated intensi- 
ties in excess of 1014 W cm-'. This 
intensity was sufficient to heat matter in 
the focal region to temperatures ap- 
proaching 1 keV (lo7 K), which are re- 
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anomalous behavior in the laser-plasma 
interaction (5). However, the small di- 
mensions of the experiments (-30 pm) 
precluded tests of the key physical mod- 
els. 

By the early 1970's Nd:glass lasers 
operative at 1.06 pm were being used in 
experiments at a few tens of joules in 0.1- 
nsec pulses. This output gave 10" W of 
power (0.1 TW) which, when focused to 
a spot size of about 100 pm, provided a 
peak intensity of up to 10" W ~ m - ~ .  

When the light from these systems was 
focused onto glass Microballoons that 
contained deuterium and tritium (DT) 
gas, fusion conditions were achieved. 
Neutrons generated by thermonuclear 
fusion were first reported at KMS Fu- 
sion (6) and soon thereafter at Lawrence 
Livermore National Laboratory, where 
their origin was confirmed (7), and else- 
where (8). 

These experiments gave further irnpe- 
tus to proposals for inertial confinement 
fusion (ICF) and other high-temperature 
research. However, theoreticians noted 
(9) that, in the larger plasmas (-1 cm) 
necessary for full-scale demonstrations 
of these technologies, very nonthermal 
conditions (laser-plasma instability) 
could occur if the laser wavelength or the 
plasma were "too long." When laser- 
plasma experiments were conducted at 
100 to 1000 J and with 0.1- to 0.5-nsec 
pulses, many targets showed energy par- 
titioning into the suprathermal electron 
population exceeding 50 percent of the 
absorbed energy, levels of backscattered 
laser radiation exceeding 40 percent, and 
poor conversion of laser light into ther- 
mal x-rays. Early attempts to achieve 
high fuel compression and efficient ther- 
monuclear neutron production from ICF 
targets with the Shiva laser at Livermore 
(1.06-pm wavelength, 10-kJ pulse ener- 
gy) (8) and with the Helios laser at Los 
Alamos (10.6 pm, 10 kJ) (8) were not 
successful. Also, relatively straightfor- 
ward physics measurements, such as 
shock-wave velocities and atomic phys- 
ics spectral studies, were complicated 
because of very energetic plasma elec- 
trons. In spite of these difficulties, prog- 
ress in understanding plasma scaling was 
made through the use of 1-pm and 10-pm 
lasers. Our colleagues at Livermore 
demonstrated DT fuel compression in an 
ICF target (10) that approached 20 g 
cm-3 (100 times the density of liquid 
DT), although the target was complex 
and the compression conditions were not 
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suitable for efficient fusion. With the use I 
of low-energy (1 to 100 J). short-wave- I 
length laser light and improved simula- 
tion techniques, further progress was H 0 \ - O I C ~  

made in understanding the coupling be. 
Laser b e a m s  

tween laser light and the plasma waves 
(8). It became clear that larger short- 

: :  
wavelength lasers (A,  <1 km) were re- 
quired for continued progress, B 

001 c m  
With the present generation of high. 

power, short-wavelength lasers (II) ,  we La 'e r  

can now produce energies in the range of 
10 to 100 kJ at wavelengths of 0.5 pm or 
shorter and with pulse durations of the 
order of second (Fig. 2) These laser 
systems, in conjunction with sophisticat- 
ed diagnostic and computational capabrl- X - r a y  o ~ t p ~ t  

ities, have made it possible to propose ~ , g  1. (A) ~lgh-ga~n inertial confinement 
fusion and x-ray laser experiments at fusion tarpct, composed of solid-density DT 
scales large enough to test many of therr fuel ~m-ftalned In an ablator. (B) Soft x-ray 

basic premises. laser target, composed of thin films of seleni- 
um or yttr~urn, are Irradiated by line-focused 

In addition the ICF and x' l a w  beams D,men,~on, are typical for pres- 
ray laser experiments described here, ent laser target experiments. 
short-wavelength lasers are being used 
to make measurements in a variety of 
other scientrfic disciplines. Examples In- cess, called inverse bremsstrahlung ab- 
clude the acceleration of metal forls sorptron. can be very efficient in absorb- 
(mass, 10 g) at 10" crn sec -' ( 1 0 ' ~ ~ )  to mg laser light and is the desired coupling 
speeds near 10' cm sec-' (12). genera- process for most applications. 
tion of shock pressures greater than 70 In contrast, collective (or collision- 
Mbar (13), and x-ray sources with bright. less) absorption processes can lead to 
nesses of more than lor4  W cm-2 sr-' the generation of highly energetic elec- 
(14) and with pulse durat~ons from 10-lo trons wrth typical energies in the range of 
to 10 second (15). 10 to greater than 100 keV. The physical 

mechanism underlying this type of cou- 
plrng anses from the long-range nature of 

Plasma Instabilities the Coulomb force, which allows plas- 
mas to support both low- and high-fre- 

The process by which laser light de- quency charged particle oscillations 
posits energy in the target plasma deter- without coll~sronal interaction. These 
mines the subsequent hydrodynamic mo- plasma waves can be driven to high 
tion, the atomic physics, and the energy amplitudes by the high-intensity, rapidly 
transport. All these phenomena are varying electric field of the laser. The 
strongly affected by the electron and ion electnc field associated with the high- 
energy distributions produced during the frequency plasma density fluctuations 
absorption process. This interaction at can effectrvely accelerate (heat) elec- 
the high intensities required for many of trons, particularly those that are travel- 
the applicat~ons has been difficult to un" ing near the phase velocity of the plasma 
derstand because numerous parametrrc waves. However, reducing the laser in- 
instabilit~es and laser self-focusing can tensitv below 1014 W cmP2 (and thus 
be strongly excited (9, 16. 17). In the reducing the dnving electric field of the 
extremely nonuniform plasmas typical of laser) to avoid instability generation re- 
ICF applications, it has been particularly duces the pressure below the nominal 50 
difficult to predict the thresholds for the Mbar requrred to implode fusion cap- 
onset of these collective plasma process- sules The laser energy that can be deliv- 
es and their nonlinear saturation levels. ered to the target before performance is 

Laser energy couples to a plasma affected hy plasma instabilities depends 
through several processes that can be on the laser wavelength, the size of the 
grouped generally into two categorieq: plasma. and the target average atomic 
collisional or collective. In one kind of number (Z). 
collisional process, the plasmaelectrons. The plasma instabilities that have a 
oscillating In the laser electric field, are major role in laser-plasma coupling can 
scattered by the much heavier ions, thus be characterized by the various daughter 
converting the coherent laser energy into waves into which the incident laser pho- 
random (thermal) energy that is charac- tons decay (17). The Raman instability is 
tenstically from 1 to 5 keV. This pro- decay of the laser light into an electron- 

plasma wave (or Langmuir wave) and a 
scattered photon, the 2wp, instability is 
decay into two plasma waves, and Bril- 
louin scattering is decay into a scattered 
photon and an ion-acoustic wave. The 
electron-plasma waves resulting from 
the Raman and 2wp, instabilities are gen- 
erally damped by accelerating electrons 
in the plasma. This collisionless (or Lan- 
dau) damping can produce very energet- 
ic electrons because the phase velocity 
of the plasma waves is usually much 
greater than the electron thermal veloci- 
ty. The traveling charge gradients caused 
by the electron-plasma waves can gener- 
ate a longitudinal electric field strength 
as great as lo9 ~ c m - ' ,  which accelerates 
slower electrons. The accelerated (su- 
prathermal) electrons can penetrate and 
preheat the fuel pellet, increasing the 
entropy of the fuel and making energy- 
efficient compression more difficult. Al- 
though this mechanism of acceleration is 
detrimental to the fusion application, it is 
being considered as a means of particle 
acceleration in high-energy physics re- 
search (18). 

Brillouin scattering, although not ca- 
pable of producing suprathermal elec- 
trons, can also prevent effective laser- 
plasma coupling. It produces an ion- 
acoustic wave (the plasma analog of a 
sound wave) that has a low phase veloci- 
ty and couples well to the plasma ions. 
Because of the low frequency of this 
wave compared with that of the incident 
laser wave (o,,ioo < little energy 
is transferred from the ion-acoustic wave 
to the plasma. However, the scattered 
Brillouin light wave can carry away most 
of the laser energy, seriously degrading 
the absorption efficiency of the target. 

Short-wavelength laser light reduces 
the effects of these instabilities in several 
ways. First, the light interacts with the 
matter at higher densities because the 
maximum electron density (n,) to which 
the laser can penetrate in the plasma is 
given approximately by the empirical 
relation (102'h-*) ~ m - ~ ,  when A is in 
micrometers cm). At this density, 
the electron plasma frequency is equal to 
the laser frequency, and laser-light prop- 
agation stops. However, because short- 
wavelength light propagates to a higher 
plasma density, where the electron-ion 
collision rates are higher, more light is 
absorbed along the propagation path 
through inverse bremsstrahlung absorp- 
tion. Another consequence of the propa- 
gation to regions of higher density is that 
the net growth rates of the unstable 
plasma waves are reduced because of 
increased electron-ion collision damp- 
ing. A further benefit of short-wave- 
length operation is that the transverse 
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electron velocity, driven by the oscillat- 
ing laser field, is reduced. This velocity 
is proportional to (IA2)"2, so that at con- 
stant intensity (I) it drops as h is de- 
creased. Because the transverse veloc- 
ity (current) is the forcing function for 
the plasma instabilities, the instability 
growth rate also drops. A final conse- 
quence is that, with constant absorbed 
intensity, the higher density plasma re- 
mains cooler so that plasma-wave phase 
velocities are somewhat lower and the 
energy of the accelerated suprathermal 
electrons is less. This results in less 
preheating for a given number of su- 
prathermal electrons, since the penetra- 
tion range of these hot electrons scales 
as E ' . ~ ~ . ' .  Figure 3 summarizes the ef- 
fectiveness of laser-plasma coupling with 
short-wavelength lasers. 

Kruer (19) has provided a map of 
plasma instability thresholds that self- 
consistently includes the above argu- 
ments (Fig. 4). In this map the instability 
thresholds for a gold plasma (2 - 30 to 
50) are plotted from the two variables 
that most often dominate the threshold 
alternatives, the plasma size relative to 
the laser wavelength (LA) and IA2, which 
determines the transverse electron ve- 
locity. Similar maps are available for 
plasmas with other values of Z, in which 
the collision frequency (proportional to z) is different. 

Figure 4 shows that plasmas formed 
under conditions far to the right of the 
instability threshold lines have a dispro- 
portionate number of suprathermal elec- 
trons. Plasmas formed to the left of these 
lines exhibit classical absorption and are 
largely thermal. The thresholds (left) are 
determined by plasma collisionality, and 
they can become independent of plasma 
size and rise vertically (top left). Com- 
puter simulations and theory show that 
in this regime, when the electron-ion 
collision frequency is comparable to the 
instability growth rate, the instabilities 
are effectively damped and cannot be- 
come efficient. This is the regime in 
which high-gain targets can operate. 
Thresholds to the lower right in Fig. 4 
are dominated by the relatively small 
laser-plasma interaction length (Llh). 
This places a limit on the length in the 
plasma over which the laser and daugh- 
ter waves resonantly interact and ex- 
change energy. Thus plasma gradients, 
which limit the interaction length, pro- 
vide another effective damping mecha- 
nism. Experiments conducted between 
1979 and 1981 with 10- to 100-5 lasers at 
1.06, 0.53, and 0.35 pm probed this re- 
gion and demonstrated the efficiency of 
short-wavelength coupling to plasmas on 
small scales (4, 8). 

Large-Scale Plasmas 

Recent experiments performed with 
the Novette laser at 0.53 and 0.26 pm 
(and earlier experiments on the Shiva 
laser at 1.06 pm) have shown the sensi- 
tivity of the laser-plasma coupling to the 
above variables for plasma dimensions 
lo3 laser wavelengths long (20). Thin 
films of CH (thickness, 6 pm; Z = 3) 
and gold (0.4 pm; 2 - 30 to 50) were 
irradiated and expanded so that the den- 
sity dropped below the critical density, 
leading to a long interaction length. In 
experiments in which plasma inhomo- 
geneity and collisional thresholds were 
exceeded with light of 1.06- and 0.53-pm 
wavelength on CH and gold targets (Fig. 
4), stimulated Raman scattering efficien- 
cies as great as 3 to 10 percent of the 
laser energy were observed. Even with 
0.26-pm light and the CH target, efficient 
scattering was observed. But in experi- 
ments with gold plasmas and 0.26-pm 
light (Fig. 4) in which plasma instability 
thresholds due to inhomogeneity were 
exceeded but collisional damping was 
dominant, the Raman scattering efficien- 
cy was reduced to less than per- 
cent, and high-energy x-rays, the signa- 
ture of hot electrons, were not measur- 
able. Because of the high absorption and 
low density of hot electrons, these colli- 
sionally stabilized plasmas provide satis- 
factory operating conditions for ICF im- 
plosions. 

The demonstration of collisional stabi- 
lization is important because high-gain 

targets driven with multimegajoule lasers 
will have plasmas for which Llh is ap- 
proximately lo4. In Fig. 4 the expected 
operating regime is located somewhat 
above the instability thresholds. Numeri- 
cal simulations and these experiments 
indicate that, even though thresholds 
may be exceeded severalfold, the frac- 
tion of plasma hot electrons will be ac- 
ceptably low (<5 percent) with laser 
wavelengths between 0.26 and 0.53 pm. 
A major objective of laser-plasma ex- 
periments with the Nova laser is to veri- 
fy that collisional stabilization provides 
the expected satisfactory plasma condi- 
tions for high-gain target performance. 

The Nd : Glass Laser 

The rapid development of the harmon- 
ically converted Nd:glass laser system 
was motivated by the need for large- 
scale experiments and by the poor plas- 
ma conditions obtained with 1.06- and 
10.6-pm light. To date, almost all short- 
wavelength laser-plasma interaction 
studies have been conducted with the Nd 
system. However, the krypton fluoride 
laser, with output at 0.249 pm, and the 
harmonically converted atomic iodine la- 
ser, with outputs at 1.3, 0.65, 0.44, and 
0.32 pm, can also be used and are being 
developed at several laboratories (4, 21, 
22). 

In the early 1970's, the Nd:glass laser 
was chosen as the major research tool 
for laser-plasma interaction research at 

Fig. 2. The Novette laser, a harmonically converted Nd:glass laser that generated 9 kJ of 0.53- 
pm light and 1.5 kJ of 0.26-pm light for short-wavelength laser-plasma experiments. In August 
1984, its two beams were removed and installed as two of the ten beams in the Nova laser, 
which was completed in December 1984 and is now being activated. 



Frequency and wavelength 

Fig. 3 (left). Laser-plasma coupling with 
short-wavelength lasers. The coupling to gold 
disks at intensities of 3 x lOI4 W cm-2 (500- 
psec pulses) improves as the laser wavelength 
is shortened. The signatures of plasma insta- 
bilities--energetic x-rays and scattered laser light--drop sharply. Symbols: (A) hot x-ray 
propagation, (0) absorption, (e) x-ray conversion, and (W) backscatter. Fig. 4 (right). 
Laser-plasma interaction regimes for collisional and collective absorption processes, showing 
conditions for 0.26-pm (X), 0.53-km (O), and 1.06-km (0) laser plasma experiments on gold 
plasmas with scale lengths (Llh) of 1000. Thresholds are shown for two-plasmon decay (A), 
absolute Raman (B), Brillouin (C), and convective Raman (D) instabilities. Absorption occurs 
primarily by collisions (when the experimental conditions are to the left of the lines) and 
progressively more strongly by instabilities (when the experimental conditions move into the 
stippled region to the right of the lines). The experiment noted by X was in a collisionally 
stabilized region, in which less than percent scattered Raman light and no hot electrons 
were observed. 

Livermore (8,23). This choice was based high-intensity beam propagation led to 
on the system's versatility, scaling to the use of multiple-imaging spatial filters 
high power levels, and the potential for (29) to control the growth of this instabil- 
harmonic conversion of its fundamental ity. As a result, longer, larger diameter 
1.06-pm wavelength to shorter wave- amplifier chains were constructed before 
lengths. These features have been used the beam reached the self-focusing 
to develop the laser we use today and thresholds, and higher output power 
result in easy variation of pulse duration from each aperture was obtained. New 
and shape, high optical-damage thresh- laser host glasses (30) were developed 
olds leading to moderately compact sys- that have a lower nonlinear index of 
tems, conveniently available beam diag- refraction, a higher cross section, and a 
nostics with film, silicon detectors, or 
vidicons, and straightforward size scal- 
ability to roughly 100 kJ through in- 
creased beam area or multiple beams. A 
variety of efficient harmonic conversion 
techniques invented for this system is 
used routinely to produce laser energy 
for experiments at 0.53, 0.35, and 0.26 
pm. The Nd:glass laser in its present 
form has not been considered for high- 
repetition rate (-5 Hz), high-efficiency 
(> 10 percent) applications such as pure- 
fusion reactor drivers. However, exten- 
sions of this technology that use crystal- 
line solid-state laser media (24), as well 
as gas-laser (25), heavy-ion (26), and 
light-ion (27) technologies, are being in- 
vestigated for this and other applica- 
tions. 

The development of the Nd:glass laser 
for fusion applications progressed rapid- 
ly from very simple oscillator-amplifier 
systems to more powerful systems pro- 
ducing a few tens of joules in 0.1 nsec by 
the early 1970's. These small systems 
were limited in their output by a nonlin- 
ear self-focusing (filamentation) instabil- 
ity of the laser beam (28). Subsequent 
improvements in our understanding of 

slightly shorter wavelength (1.05 pm). 
Together with new optical-surface prep- 
arations and coatings (31), the new glass- 
es permitted further increases in output 
power from each aperture. These and 
other advances led to designs for the 
Novette and Nova lasers (II), which 
produce more than 10 TW of focusable 
power per beam in 100 psec, or more 
than 12 kJ per beam in 5 nsec at 1.05 pm. 

Harmonic Conversion 

Efficient harmonic conversion to 
shorter wavelengths from these lasers is 
feasible because the phase uniformity of 
high-power beams from modern lasers is 
of high quality and the power density is 
high (10' W ~ m - ~ ) .  For example, with a 
properly oriented 1.8-cm thick crystal of 
potassium dihydrogen phosphate (KDP), 
we can convert a 1.05-pm laser beam at 2 
GW cm-* to the second harmonic at 0.53 
pm with up to 80 percent efficiency. 
When losses of the optical components 
(lenses, diagnostics, blast shields, and 
the like) of a fusion laser beam line are 
taken into account, it is possible to deliv- 

er more than 50 percent of the laser's 
1.05-km energy to a target at 0.53 prr 
(32). By using a second crystal after the 
first crystal, it is also possible to convefl 
efficiently the fundamental 1.05-pm radi. 
ation to the third or fourth harmonic at 
0.35 pm (up to 80 percent) (33) or 0.26 
pm (up to 50 percent) (34), respectively. 
For 0.26-pm experiments, 1.5 kJ of light 
in a 1.0-nsec pulse was delivered tc 
targets from one of the Novette laset 
chains. This energy was damage-limited 
not conversion-limited, 

Inertial Confinement Fusion 

For most ICF applications, such as 
electricity production, high gains (great- 
er than 100) are needed. High-gain ICF 
fusion occurs when 2 to 10 mg of DT fuel 
is compressed to a density exceeding 200 
g cmP3 (electron and ion densities ex- 
ceeding 5 x loZ5 ~ m - ~ )  and when the 
thermonuclear burn of the fuel is initiat- 
ed in a high-temperature (Ti,, - 3 to 5 
keV) central hot spot (2, 35,36). (Energy 
gain in ICF is defined as the ratio of the 
thermonuclear energy produced to the 
input laser energy.) To assemble the fuel 
in such a state, one must apply a precise- 
ly time-programmed (-10 nsec long) 
pressure pulse exceeding 5 x lo7 atmos- 
pheres (50 Mbar) at peak. Little preheat- 
ing of the fusion fuel can be tolerated. 
For initial experiments, to achieve fusion 
gain approaching 100, we expect that 5 to 
10 MJ of short-wavelength laser energy 
(A < 0.5 pm) is required. Target gains 
exceeding 100 with lower input energy 
are anticipated as technology and our 
understanding of the physics progress 
(37). By using the 0.53-pm output from 
the Novette laser, we ablatively implod- 
ed DT fusion fuel to densities of 20 g 
~ m - ~ ,  or 100 times the density of solid 
DT fuel (38). The compression condi- 
tions achieved in these experiments (de- 
scribed below), together with improved 
targets and laser pulse shaping, will be 
used in upcoming experiments on the 
Nova laser to obtain fuel density ap- 
proaching that needed (1000 times the 
density of liquid DT, or 200 g ~ m - ~ )  for 
high-gain implosions. In addition, we ex- 
pect that these compression conditions 
can be extended to targets designed for 
use with future multimegajoule laser 
drivers. 

There are two laser-driven ICF tech- 
niques for generating the required pres- 
sures for compression and ignition: di- 
rect drive (2, 39), in which electrons 
transport the laser energy to the ablation 
surface, and indirect drive, in which x- 
rays transport the energy to the ablation 
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surface. Critical issues that are determin- 
ing the viability of both approaches are 
symmetry, stability, fuel preheating, and 
implosion efficiency (8,40). In the direct- 
drive approach, the energy of the laser 
driver is focused and absorbed at the 
surface of a spherical ablator surround- 
ing the fuel container. Heating and sub- 
sequent mass ablation generates the 
pressure that drives the implosion. The 
ablation pressure (Pa) that can be gener- 
ated depends strongly on the absorbed 
laser intensity ( I ) ,  and theory and experi- 
ment have shown that P, I ~ . ~ ~ . ~  (41). 

In the indirect-drive approach, which 
is the principal focus of ICF research at 
Livermore, the laser light is converted to 
soft thermal x-rays contained in a high- 
atomic number "hohlraum." The soft x- 
rays in the hohlraum drive the target 
capsule. If submicrometer light is used 
(14), efficient conversion of laser light 
into thermal x-rays can occur. An advan- 
tage of this approach is that it can pro- 
duce a highly symmetric implosion with 
a relatively poor laser focal distribution. 
It also does not require uniformly ar- 
rayed laser beams, which is an advan- 
tage for ICF reactor designs. 

Compression 

The improved coupling of 0.53-pm la- 
ser light from Novette has made possible 
the ablative implosion of fusion capsules 
to substantially higher densities than 
were obtained on Shiva for similar cap- 
sules at similar energies. For determin- 
ing the compression of the imploded 
target, the areal density (the product of 
density and thickness, pbr) of the com- 
pressed fuel container was measured 
(38). The container is referred to as the 
capsule pusher because of its role in the 
compression processes. When the target 
is driven to high density, both the pusher 
areal density and the fuel density in- 
crease significantly. This is in contrast to 
strongly preheated targets, such as the 
exploding pusher targets first used in 
ICF demonstrations (6, 42) in which the 
pusher areal density remained relatively 
unchanged. In our high-density implo- 
sions, 14-MeV neutrons were produced 
by the fusion of DT near the time of peak 
target compression. Activation of the 
pusher material by these neutrons (43) is 
proportional to the pusher areal density 
at that time (we infer the fuel density by 
comparing the measured pusher activa- 
tion with the results of simple analytical 
models and hydrodynamic code calcula- 
tions that self-consistently described 
both the pusher and fuel density). As 
shown in Fig. 5, we measured increases 

in the pusher areal density from its initial 
value by factors as great as 60 to 80 when 
using 0.53-pm irradiation. This compres- 
sion of the pusher is three to five times 
greater than in similar 1.06-pm experi- 
ments on Shiva and implies compressed 
fuel densities in excess of 20 g cmP3. By 
using 30 to 50 kJ of 0.35-pm light from 
the Nova laser to extend these results, 
we should be able to achieve the DT fuel 
densities required for high-gain target 
operation. 

X-ray Lasers 

The prospect of generating laser action 
at x-ray wavelengths has been discussed 
since the invention of the laser (44). 
Although many potential schemes (45) 
have been identified that could lead to 
gain at wavelengths near 100 A,  until 
recently many difficulties prevented un- 
ambiguous confirmation. We observed 
(45) stimulated emission at 206 and 209 hi 
in the soft x-ray region from thin-foil 
selenium targets. The experiments uti- 
lized a 2-TW, 450-psec pulse from the 
Novette laser to irradiate foils up to 2.2 
cm long at a power density of 5 x 1013 W 
cmP2 with 0.53-pm light. 

0 
0 0.5 1 .O 

Wavelength  (urn) 

Fig. 5. Direct measurement of the areal densi- 
ty of the DT fuel container (pusher) by means 
of neutron-activation techniques, showing the 
increase in pusher compression using virtual- 
ly identical irradiation conditions. From this 
increase, we infer that the compression is 
ablative and that the density of the DT fuel 
reached greater than 100 times that of liquid 
DT. Symbols: (@) results from identical hohl- 
raum targets; (A) and (W) pusher compres- 
sions from slightly different targets. 

One of the most demanding require- 
ments was to find and produce a medium 
with a sufficient gain-length product to 
produce measurable line enhancement 
on a single pass through the plasma. At 
present, there are no suitable cavity con- 
figurations to provide multiple passes 
through the gain medium (46). Other 
physical constraints arose because the 
small signal gain (for fixed Einstein A 
coefficient) scales as A ~ T ~ - " ~  (Ti, irradia- 
tion temperature) because suitable soft 
x-ray transitions have short lifetimes 
( 2 5  x lo-" second) and because the 
efficiency of channeling pump energy 
into the upper laser state is inherently 
low (47). These considerations lead to 
the requirement that the pump power 
exceed 1013 W ~ m - ~ .  For there to be net 
laser gain, it was also necessary that the 
ionic density be large enough, that the 
propagation path be sufficiently uniform 
to prevent refraction of the beam out of 
the gain medium, and that absorption 
losses from other ionic transitions be 
absent. These conditions were satisfied 
by using 0.53-pm light on an exploding- 
foil target made from 2elenium (thick- 
ness, 750 A) on a 1500-A Formvar back- 
ing (45). Finally, temporally and spec- 
trally resolved diagnostics were required 
to differentiate gain from the intense 
emission of neighboring transitions that 
occur during the laser pulse and in the 
afterglow of the relaxing plasma (48). 

The gain was produced in these ex- 
periments by electron collisional excita- 
tion of neon-like ions. It has long been 
recognized that large differences in the 
radiative decay rates of the 2p53p and 
2p53s states in neon-like ions can lead to 
a population inversion between these 
states in an optically thin plasma (49). 
Calculations based on isoelectronic scal- 
ing of the neon-like configuration in ions 
of higher Z showed that gain at the 
extreme ultraviolet and soft x-ray wave- 
lengths was possible with a sufficiently 
high pumping rate (47). The required 
pumping rate was achieved by bringing 
two opposing Novette laser beams to a 
common line focus on the target. The 
focusing was done with a combination of 
a cylindrical and a spherical lens. 

Amplification of the neon-like 3p53p to 
3p53s emission in selenium can be readi- 
ly seen in the on-axis trace in Fig. 6, 
which shows the x-ray spectrum under 
maximum gain conditions along the plaso- 
ma axis. The lines at 206 and 209 A 
dominate the spectrum. The off-axis 
spectrum in Fig. 6 was recorded on the 
same shot, transverse to the plasma axis, 
and it recorded energy from the total 
radiating plasma volume. The lines at 
206 and 209 A were not observed be- 
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cause they were not amplified in the 
short transverse direction. The time-re- 
solved measurement (Fig. 6, inset) was 
made with an absolutely calibrated spec- 
trometer. It and similar measurements 
indicated a lower bound of 35 to 50 keV 
for the brightness temperature of these 
amplified lines. This temperature is con- 
sistent only with x-ray gain, not with 
thermal plasma processes associated 
with the plasma-electron temperature of 
less than 1 keV. The intensities of nearby 
lines, which are not amplified, corre- 
spond to equivalent temperatures of only 
about 0.1 keV. A small-signal gain coeffi- 
cient of about 6 cm-' was inferred for 
both lines from experiments in which the 
plasma length was varied from 0.1 to 1.2 
cm. Similar experiments with Y ~ ~ +  pro- 
duced equivalent brightness tempera- 
tures of about 10 keV at 154 A, demon- 
strating isoelectronic scaling of the neon- 
like transitions to shorter wavelengths. 

The peak output spectral brightness 
obtained from this laser system is 

2 x 10" W cm-* sr-'. This is 10'' 
to 10" times greater than today's most 
powerful x-ray generators and synchro- 
tron sources (50). However, x-ray lasers 
are presently one-shot, short-pulse de- 
vices that need a great deal of additional 
development before they become useful 
laboratory x-ray sources. 

Conclusions 

A wide variety of experiments have 
become possible with the development 
of multiterawatt, short-wavelength la- 
sers. The Nova laser, providing 30- to 
50-TW output at 0.53 ,and 0.35 bm, will 
be used to extend laser-plasma studies to 
plasma scales approaching those needed 
for high-gain targets. These experiments 
should confirm our theoretical and ex- 
perimental understanding of the laser- 
plasma coupling and of the implosion 
physics of the capsules required for high- 
gain operation. We expect to extend x- 

Wavelength (1) 
Fig. 6. On- and off-axis film data from a time-gated grazing-incidence spectrograph and x-ray 
streak camera. The traced data represent photons accumulated from the beginning of radiative 
output until approximately 500 psec after the peak intensity of the pump 1a~e;~ulse; The on-axis 
data show the two strongest lines at maximum gain from a 2.2-cm long selenium laser compared 
to background. (Inset) The same lines time-resolved. The off-axis traced data show the spectral 
output from the entire plasma, viewed at an angle of 73" to the laser gain axis; laser lines are so 
weak and spontaneous that they are not visible. The absolute intensity scale for the off-axis data 
is approximately 50 times more sensitive than for the on-axis data as evidenced by the relative 
intensities of the spontaneous, sodium-like lines at 174 and 200 A. 

ray laser performance to shorter wave- 
lengths, higher power, and increased 
spatial coherence, and we will conduct a 
variety of shock-wave, atomic-physics, 
and hydrodynamic experiments. 
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Defining Lipid Transport 
Pathways in Animal Cells 

Richard E. Pagano and Richard G .  Sleight 

Most of the enzymes responsible for whose assembly into membranes, turn- 
lipid biosynthesis in animal cells reside over, and secretion is one of the most 
on the rough and smooth endoplasmic actively studied areas in cell biology (4). 
reticulum (1); yet lipids are found in all Our laboratory has developed an ap- 
the membrane systems of the cell, often proach for studying lipid transport by 
with different intracellular organelles means of fluorescent lipid derivatives 
having different lipid compositions (2). that appear to behave as analogs of their 

Summary. A new technique for studying the metabolism and intracellular transport 
of lipid molecules in living cells based on the use of fluorescent lipid analogs is 
described. The cellular processing of various intermediates (phosphatidic acid and 
ceramide) and end products (phosphatidylcholine and phosphatidylethanolamine) in 
lipid biosynthesis is reviewed and a working model for compartmentalization during 
lipid biosynthesis is presented. 

Furthermore. some membranes exhibit 
an asymmetric distribution of lipids 
across the bilayer (3).  Thus, a major 
problem in the cell biology of lipids is 
understanding how newly synthesized 
lipids are sorted into various intracellular 
compartments, and how these molecules 
are translocated or targeted to various 
destinations inside (or outside) the cell. 
This general problem is directly analo- 
gous to the study of cellular proteins 

natural counterparts. With this method- 
ology, it is now possible to examine the 
movements of fluorescent lipid mole- 
cules in the living cell by high-resolution 
fluorescence microscopy and correlate 
these data with the results of classical 
biochemical investigations. In this article 
we summarize recent findings obtained 
with this new technology and highlight 
possible future applications in cell biolo- 
gy. 
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Incubation of Fluorescent 

Lipids with Cells 

Figure 1 shows the molecular struc- 
tures of the three classes of fluorescent 
lipids we have used in our studies. The 
acyl chain-labeled lipids have high rates 
of spontaneous transfer in vitro (Table 
1). For liposomes, this transfer occurs by 
dissociation of lipid monomers from one 
membrane, convection through the 
aqueous phase, and association with an- 
other membrane (5, 6). This property 
permits us to readily integrate the fluo- 
rescent lipids into cellular membranes 
from exogenous sources. 

Our strategy for examining the intra- 
cellular metabolism and translocation of 
fluorescent lipid analogs is to first incu- 
bate cells at 2°C with liposomes contain- 
ing both an acyl chain-labeled C6-NBD- 
lipid (n and a nonexchangeable lipid 
[such as rhodamine-labeled phosphatidyl- 
ethanolamine (N-Rh-PE) (8, 9) ] .  During 
this incubation, large amounts of the acyl 
chain-labeled analog but only small 
amounts of the nonexchangeable marker 
become associated with cells, suggesting 
that most (typically 90 to 99 percent) of 
the NBD-lipid is transferred to the cells 
by a spontaneous diffusion process. The 
cells are then washed and examined by 
fluorescence microscopy, or the lipids 
are extracted and analyzed by conven- 
tional analytical procedures. The cells 
can also be washed after the liposome 
incubation and then warmed to various 
temperatures prior to analysis. 
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