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T he first applications of squeezed states1 to improve 
the precision of optical measurements beyond the 

limit set by the vacuum or zero-point fluctuations of the 
electromagnetic field have recently been reported. 2 - 4 Im
provements in the signal-to-noise ratio relative to the shot-
noise limit for the detection of both amplitude and phase 
changes of the field have been achieved. Phase modulation 
in optical interferometers has been detected with an in
crease in sensitivity of 3dB relative to the shot-noise lim
it. 2 , 3 Additionally, amplitude modulation was detected 
with an improvement in signal-to-noise of 2.5dB relative 
to the shot-noise limit. 4 The experiments made use of 
squeezed light generated by an optical parametric oscilla
tor to reduce the level of fluctuations below the level of 
vacuum fluctuations of the electromagnetic field. 

It is the quantum nature of the electromagnetic field 
that leads to fundamental limitations on the sensitivity of 
precision measurements of the field. The quantum fluctua
tions responsible for enforcing a lower l imit on the 
"noise" in an optical experiment are succinctly expressed 
in terms of uncertainty products that follow from the com
mutation relations between conjugate field operators. The 
so-called "shot-noise" limit (SNL) represents a level of 
fluctuations for which the minimum for the mechanics is 
achieved uncertainty product and for which the variances 
for each of two conjugate operators (which describe the 
two quadrature phase amplitudes of the field) are equal. 
The symmetric distribution of fluctuations is characteristic 
of the vacuum state of the field or of a coherent state (ap
proximated by a single-mode laser). 

Although the vacuum fluctuations of the field have been 
the practical limit on precision optical measurement, these 
fluctuations are not a limit in principle since quantum 
states with variance less than that of the vacuum state can 
be employed. The use of squeezed states to circumvent the 
SNL has been discussed for many years. Squeezed states 
are characterized by a phase dependent distribution of 
quantum fluctuations such that the dispersion in one of 
two quadrature components of the field drops below the 
level set by the vacuum state. In a measurement with 
squeezed light, the signal that one wishes to detect is en
coded on the field variable with reduced fluctuations. The 
detection scheme is arranged to be largely insensitive to 
the increased fluctuations in the conjugate variable that 

The minimum detectable amplitude change δA of the 
electromagnetic Held is limited by quantum fluctuations. 
The arrow represents the mean value of the field, with 
the quantum fluctuations indicated by the shaded region. 
(a) The symmetric distribution of fluctuations of the vac
uum state sets a limit on precision known as the "shot-
noise" limit, (b) An improvement in precision can in 
principle be achieved with a properly oriented squeezed 
state. Note that in the case of either a vacuum state or a 
squeezed state, the fundamental level of fluctuations is 
constrained by an uncertainty relation, which in qualita
tive terms fixes a common lower bound for the area of 
the shaded regions shown in the figure. 

are required by the uncertainty relation. 
Figure 1 illustrates how the reduction in fluctuations of 

a squeezed state can be employed to improve the precision 
of amplitude measurements. In Fig. 1 the mean amplitude 
of the electric field (represented by the arrow) is changed 
by a small amount δA, as might result from absorption by 
an atomic or molecular sample. The minimum detectable 
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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* 
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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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