
amplitude change is limited by fluctuations of the field 
(represented by the shaded area), which may be either of 
technical or fundamental origin. In traditional detection 
schemes without squeezed states, the best that one can do 
is to reach the so-called "shot-noise" limit, which is a limit 
set by the symmetric distribution of fluctuations of the 
vacuum state (Fig. la). In this case, ( δ A ) 2 ~ 1/n, where n is 
the number of photons detected in a time given by the 
inverse bandwidth of the measurement. With a squeezed 
state, one can in principle improve this minimum detect
able change to a level ( δ A ) 2 ~ <( X + ) 2 > /n , where X + is 
the operator corresponding to the amplitude quadrature 
of the field and the variance ( X+) 2 << 1 for a state with 
a large degree of squeezing (Fig. 1b). 

A description of the uses of "squeezing" for phase mea
surements is analogous to that depicted in Fig. 1, but with 
the axis of the noise ellipse rotated by 9 0 ° . A phase shift is 
introduced as for example by propagation through an 
atomic sample or through an interferometer. The mini
mum detectable phase shift is again set by the level of vac
uum fluctuations, with the "shot-noise" limit for phase 
changes given by ( δ Φ ) 2 ~ 1/n. If, however, squeezed states 
are employed, an improvement in principle to a level (δΦ) 2 

~ <( X_) 2 >/n could be achieved, where X _ is the opera
tor corresponding to the phase quadrature and the vari
ance <( X _ ) 2 > < < 1 . The measurements of amplitude 
and phase quadrature are complementary in the sense that 
<( X+ ) 2 >< ( X _ ) 2 > ≥ 1. 

In the experiments detailed in Refs. 2 through 4 , light 
from an optical parametric oscillator (subthreshold opera
tion) was used to produce a squeezed vacuum state. 2 , 3 For 
the measurement of amplitude changes, the modulation 

δA was encoded with an acousto-optic modulator for an 
improvement in signal to noise of 2 .5 dB for the detection 
of ( δ A ) 2 . 3 The squeezed light from an optical parametric 
oscillator has also been employed for improvements in 
precision interferometry beyond the shot-noise limit. By 
following the theoretical treatment of Caves, 4 an increase 
in signal-to-noise ratio of 3 .0 dB for the detection of phase 
modulation ( δ Φ ) 2 in propagation through Mach-Zehneder 
interferometer was achieved. Similar improvements have 
been obtained in polar izat ion interferometry with 
squeezed light. The observed increase in sensitivity in these 
experiments is currently limited by simple linear losses in 
propagation and detection and not by the available degree 
of squeezing from the source. Thus one might anticipate 
that these rather modest initial results can be substantially 
improved as the losses in the experiment are reduced. 
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Inertial confinement fusion and x-ray 
laser advances* 

E . M I C H A E L C A M P B E L L 

L A W R E N C E L I V E R M O R E N A T I O N A L L A B O R A T O R Y 

L I V E R M O R E , CALIF . 

S ignificant advances in both inertial confinement fu
sion and laboratory x-ray lasers have been made at 

the Nova laser at Lawrence Livermore National Labora
tory in 1 9 8 7 . For inertial confinement fusion to succeed in 
producing net energy gain in the laboratory, it is necessary 
to implode capsules containing deuterium-tritium (DT) 
fuel to densities approaching 2 0 0 g/cm3 and ion tempera
tures of approximately 4 keV (4.4 X 1 0 7 °K). This repre
sents a fuel pressure of ~ 2 .7 X 1011 atmospheres. To 
achieve such conditions with reasonable ablation pres
sures ( P A B L ~ 1 0 8 atmospheres) and with liquid D T fuel, 
the fuel radius must be reduced 2 0 to 4 0 fold. The ratio of 
the initial fuel radius to final fuel radius is commonly re
ferred to as the convergence ratio. To achieve such high 
convergence implosions, stringent requirements are placed 
on the uniformity of the ablation pressure (pressure uni
formity on the capsule surface must be better than 2 - 3 % ) 
and hydrodynamic instabilities. 

Well diagnosed implosion experiments conducted at the 

*Work performed under the auspices of the U.S. Department of Ener
gy by the Lawrence Livermore National Laboratory under contract num
ber W-7405-ENG-48. 

FIGURE 1. Experimental fusion yield normalized by one-
dimensional hydrodynamic model prediction versus tar
get convergence. 
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substantially improves the laser coupling efficiency) avail
able on Nova. 

Rapid progress has also been made in the areas of x-ray 
laser research. The high peak power of lasers developed 
for fusion applications have proven ideal sources for mak
ing plasmas suitable as soft x-ray amplifiers. Using two 
arms of Nova, we have observed substantial gain at nu
merous wavelengths from 260 Å to 50 Å. The short laser 
wavelengths result from energetic transitions in highly ion
ized ions in the laser produced plasmas. The gain-length 
products achieved to date (which determine the observed 
amplification) as a function of photon wavelength are 
shown in Fig. 2. The high gain-length products obtained at 
206 Å and 209 Å from neon-like selenium (10 bound elec
trons in the ion) result in near saturated output powers at 
levels exceeding 10 6 watts. Using such lasers, we have pro
duced Gabor holograms of fibers and demonstrated x-ray 
optics suitable for x-ray laser cavities. The achievement of 
gain at such short wavelengths and the development of the 
appropriate x-ray optics make fully coherent x-ray lasers 
operating at power levels approaching 10 9 watts and 
wavelengths shorter than 44 Å a real possibility in the near 
future. Such technology would have dramatic impacts in 
the physical and biological sciences. 

Progress toward a gamma-ray laser 

C. B. COLLINS, J . A . ANDERSON, F. DAVANLOO, C. D. 
EBERHARD, J . F. MCCOY, AND S. S. WAGAL 

T H E UNIVERSITY OF TEXAS AT DALLAS 
CENTER FOR QUANTUM ELECTRONICS 

RICHARDSON, TEXAS 

A major milestone in the quest for a gamma-ray laser 
was reported 1 at the Apr i l 1987 meeting of the 

American Physical Society. Described there was nuclear 
fluorescence that had been clearly observed to result from 
the pumping of several targets with flashes of x-rays. 

Levels of nuclear excitation that might be efficiently 
stimulated in a gamma-ray laser are very difficult to pump 
directly. To have sharply-peaked cross sections for stimu
lated emission, such levels must have very narrow widths 
for interaction with the radiation field. This is a funda
mental attribute that has led to the facile criticism that 
"absorption widths in nuclei are too narrow to permit 
effective pumping with x-rays." 

Precisely the same comments were voiced in atomic 
physics before Maiman's great discovery, and it is useful 
to pursue this analogy between ruby and gamma-ray la
sers. Identification and exploitation of a bandwidth funnel 

FIGURE 2. Observed gain-length product versus transi
tion wavelength obtained with laser produced plasmas. 

0.35 µm, 20 T W Nova facility in 1987 achieved conver
gences greater than 30 with fuel ion temperatures of 1.5 to 
2 keV resulting in fuel pressures of ~ 1.2 x 10 1 0 atmos
pheres. As shown in Fig. 1, the experimental fusion yield 
(which measures integral target performance) is well 
matched by one-dimensional hydrodynamic simulations, 
over a wide range of fuel convergences. The targets em
ployed for these high performance implosions' consisted of 
capsules contained in laser irradiated hohlraum targets. In 
such targets, the laser energy is efficiently converted into x-
rays which irradiate and implode the fuel containing cap
sule. 

These experiments were conducted with target geome
tries (capsule size relative to hohlraum) that are scaled to 
future high gain targets. The excellent agreement between 
experiments and theory provide real confidence that high 
gain inertial fusion can be achieved in the laboratory with 
driver energies and powers of 5 to 10 Megajoules and 500 
TW. 

In addition to the high convergence experiments, a lim
ited number of high temperature, low density implosions 
have also been conducted at Nova. These targets, because 
of the low final fuel densities, are not scalable to high gain. 
However, with only 2 x 10 1 3 watts (20 TW) of 0.35 µm 
power, fuel ion temperatures of 10 keV (~ 1.1 x 10 8 °K) 
and fusion yields of 1.8 x 10 1 3 neutrons were obtained. 
These yields imply a fusion efficiency of 0.22% (fusion 
energy/incident laser energy) and represent nearly a factor 
of 10 3 improvement in performance from that obtained 
with the 20 T W 1.06 µm Shiva laser. 

This improvement in performance for both these types 
of targets is due to the high energy (20KJ), more uniform 
illumination geometry, and shorter wavelength (which 
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