
Squeezed 
light 

By B. Yurke and R.E. Slusher 

Besides serving as a probe to explore new 
physical phenomena, squeezed light may 
have application in sensitive and precision 
measurement instrumentation. This article 

describes squeezed state generation via 
parametric amplification and four-wave 

mixing. 

R ecently a number of laboratories1-5 have reported 
the successful generation and detection of squeezed 
light, a fundamentally new kind of light with exotic 

quantum statistics. In some of its aspects this light exhibits 
less quantum noise than laser light. Consequently, besides 
serving as a probe to explore new physical phenomena, 
squeezed light may have application in sensitive and preci
sion measurement instrumentation. 

A number of physical phenomena can in principle be 
used to generate squeezed states.6 ,7 Most recently Ma¬
chida, Yamamoto, and Itaya have generated squeezed 
states by driving a semiconductor laser with a constant 
current.5 The first experiments to successfully generate 
squeezed states employed degenerate parametric amplifi
cation or a close relative degenerate four-wave mixing. 

Degenerate parametric amplification can be most easily 
understood in terms of its mechanical analogue, a child on 
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FIGURE 1. The probability distributions for the electric 
field operators &' and &". (a) For the vacuum state 
(complete darkness) the probability distribution for &' 
and &" are the same and are Gaussians with zero mean. 
(b) After the vacuum state has been amplified via a de
generate parametric amplifier, the width of the &' prob
ability distribution widens while that of &" narrows. 

a swing set. To operate a swing as a parametric amplifier, 
instead of kicking one's feet as one usually does, one 
squats and stands as shown in the cover illustration. By 
standing when the swing is moving fastest, one does work 
against centrifugal force and consequently the swing's en-



ergy is increased. At the end of the swing's excursion, 
where the swing momentarily comes to rest, one squats 
back down, doing no work against centrifugal force. With 
this method of pumping, energy is continually fed into the 
swing and the initial motion of the swing is amplified. 
Note that the child stands and squats twice for each round 
trip of the swing. The swing is said to be pumped at twice 
its natural frequency. 

An optical degenerate parametric amplifier or four-
wave mixer works in much the same way. Instead of a 
time-dependent moment of inertia, one uses a time-depen
dent susceptibility to do parametric work on light of fre
quency v 0 . In the case of the degenerate parametric ampli
fier, an intense beam of pump light at frequency 2v 0 causes 
a second-order nonlinear susceptibility to give rise to an 
effective (as seen by the weak signal beam) time-dependent 
susceptibility oscillating at 2v 0. In the case of a four-wave 
mixer, an intense pump beam at frequency v 0 causes a 
third-order nonlinear susceptibility to give rise to an effec
tive time-dependent susceptibility with frequency 2v 0. In 
either case the optical analogue of a child standing and 
squatting at twice the signal frequency is created. 

To understand how squeezing comes about, it is impor
tant to realize that the amplifiers described are phase sensi

tive. If the child on the swing were to reverse his motion, 
that is, squat when the swing moves fastest and stand 
when it comes to rest, he would extract energy from the 
swing and the swing would quickly come to rest, that is, 
its motion would be deamplified. Consider now a signal 
beam in an optical parametric amplifier. Its electric field 
can be written in component form as: 

FIGURE 2. A schematic of the experimental apparatus employed by Slusher et al. to generate squeezed light A dye la
ser tuned near the sodium D2 line generates a time-dependent susceptibility in the sodium beam. This time-dependent 
susceptibility does parametric work to amplify and deamplify vacuum fluctuations in the squeezing cavity. The 
squeezed light is detected using a balanced homodyne detector consisting of the photodiodes D1 and D2 in combina
tion with a local oscillator LO beam derived from the pump. Beam splitter BS2 is a 50-50 beam splitter. The measured 
phase of the squeezed light can be chosen by shifting the LO phase by positioning mirror M2. 
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where the phase 8 has been tied to the pump phase so that 
the component &' is amplified while the component &" is 
deamplified. For the mechanical analog, (cover illustra
tion), the corresponding equation is (taking θ = 0): 

Comparing Eq. (1) and Eq. (2) one can see that &' acts like 
a position coordinate while &" acts like a momentum co
ordinate that has been suitably scaled to have the same 
units as position. 

Since the mechanical analogue is a harmonic oscillator, 
the ground state position probability distribution for x(0) 
and p(0) are Gaussians. In the same way, when no pho
tons are present &' and &" have a Gaussian probability 



distribution as shown in Fig. 1(a). That is, even when it is 
completely dark, the electromagnetic field fluctuates wild
ly, having a non-zero variance. Since our eyes are photon 
counters, they do not respond to these "vacuum" fluctua
tions but, as will be shown shortly, detectors can be con
structed which do. 

An optical parametric amplifier acting on this initial 
complete darkness will amplify &' and deamplify &" so 
that the probability distribution for &' broadens while the 
probability distribution for &" narrows or is "squeezed," 
as shown in Fig. 1(b). The components &' and &" since 
they behave as x and p, satisfy an optical analogue of the 
Heisenberg uncertainty relation x p ≥ ћ/2. The para
metric amplifier operates in such a way that this uncer
tainty relation is maintained, that is, the variance of &" is 
reduced by the same factor that the variance in &' has 
been increased. 

A degenerate parametric amplifier is thus capable of do-

FlGURE 3. A balanced homodyne detector. Signal and 
local oscillator light are combined via the 50-50 beam 
splitter M and then directed to photodetectors D1 and 
D2. The difference of the two photocurrents I1 and I2 is 
delivered as output. 

ing parametric work on the vacuum (complete darkness) 
to produce a multiphoton state whose &" probability dis
tribution is narrower than that of the vacuum. A paramet
ric amplifier can thus generate light which in one of its 
aspects is darker, that is, quieter than the vacuum. 

In order to exhibit this reduced noise, a detector that 
measures' &" is required. However, the most sensitive opti
cal detectors available count photons. Such detectors can 
be linearized by interfering the weak signal light &(t) with 
intense local oscillator light &LO(t) at the surface of the 
photodetector. The photocurrent delivered then has a 
component proportional to the product &(t)•&LO(t) time 
averaged over many optical cycles. Hence, if the local os
cillator has the form &LO(t) = ALO sin(ω)0t + θ), as can be 
arranged with a phase shifter in the local oscillator beam, 
the signal current will be A L o & " . 

With other settings of the local oscillator phase, &' or 
some combination of &' and &" can be measured. To 
maintain the proper phase relation between the pump and 
the local oscillator, these two light beams, in practice, are 
obtained from the same laser with a beam splitter. See, for 
example, the experimental arrangement of Fig. 2. 

This technique for measuring field amplitude compo
nents is called homodyne detection 8 - 1 1. A particular ver
sion of this detector, the balanced homodyne detector 9 - 1 1, 
is shown in Fig. 3. In this device the local oscillator light is 
made to interfere with the signal light &s via a 50-50 beam 
splitter M . The two emerging light beams are directed to 
photodetectors D1 and D2. The difference, J, of the two 
photocurrents I1 and l2 is the output signal. The chief ad
vantage of balanced homodyne detection is that intensity 
fluctuations of the local oscillator and signal are canceled 
by the subtraction process since their fluctuations increase 
or decrease the count rate of both detectors by the same 
amount. In contrast, the interference of the local oscillator 
with the signal gives rise to a difference mode photocur
rent, as can be seen by remembering that if constructive 
interference occurs in the light propagating to D1 , then 
destructive interference must occur in the light propagat
ing to D2 and vice versa. 

By making the local oscillator intense, the dominant 
noise in the output current I = ALO&" is due to &". A full 
quantum treatment of homodyne detection 8 - 1 1 shows this 
is true even for quantum noise. The noise in &' or &" is 
usually measured by observing the noise power spectrum 
of I with a spectrum analyzer. With squeezed light enter
ing the signal port of the homodyne detector and the local 
oscillator phase adjusted properly, the noise power will be 
less than that when the signal port is blocked with one's 
hand. The homodyne detector, thus, sees the vacuum fluc
tuations emitted by the hand. 

This remarkable effect was first observed by Slusher, 
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FIGURE 4. Best squeezing, 17% in power, observed by 
Slusher et al. to date. Shown is the homodyne-detector 
noise power level as a function of the local oscillator 
phase Φ L O . The horizontal trace is obtained with the in
put port to the homodyne detector blocked and is the 
vacuum fluctuation noise level. As Φ L O is moved back 
and forth over a range of~1.5π, the squeezed light 
noise level falls below the vacuum noise level for one 
component of the field and rises above the vacuum noise 
level for the quadrature component. 

Hollberg, Yurke, Mertz, and Valley 1, in which a backward 
four-wave mixer, using an atomic sodium beam pumped 
near the D 2 resonance, was employed to generate the 
squeezed light. Their latest results are depicted in Fig. 4. 
Three other groups have since reported observing this ef
fect. Shelby, Levenson, Perlmutter, DeVoe, and Walls 2 

generated squeezed light via forward four-wave mixing 
using an optical fiber as the nonlinear medium. Wu, Kim
ble, Hal l , and W u 3 employed a parametric amplifier using 
a lithium niobate crystal as the nonlinear medium and ob
served a nearly 50% reduction in the homodyne detector's 
noise power, the largest noise reduction reported to date. 
Maeda, Kumar, and Shapiro 4 have generated squeezed 
light using forward four-wave mixing through a sodium 
cell pumped near the D 2 resonance. 

In reading standard texts on quantum field theory, one 
is left with the impression that vacuum fluctuations give 
rise to only small and subtle effects such as the Lamb shift 
or Casimir effect. In fact, vacuum fluctuations give rise to 
current fluctuations I in a homodyne detector of the size 

where e is the charge of an electron, i is the mean photo-
current, and B is the detector bandwidth. This is large. 
Equation (3) is the usual shot noise formula. Squeezed 
light entering a homodyne detector's signal port will pro
duce an output current with less noise (in principle arbi
trarily less noise if one squeezes hard enough and uses unit 
quantum efficiency photodetectors) than that of Eq. (3). 
The homodyne detector, by interfering the local oscillator 
with the signal beam, measures a wave property of the 
signal beam. A full quantum field theoretical treatment 8 - 1 2 

shows that the homodyne detector's noise arises from the 
amplitude fluctuations of the incoming signal. 

Properly identifying the origin of noise is often the first 
step in its elimination. For example, Caves 1 3 has shown 
that the sensitivity of an interferometer is limited by the 
vacuum fluctuations entering the unused port of the inter
ferometer to Ф = 1 /√N, where N is the mean number of 
photons that travel through the interferometer per mea
surement time. By properly employing squeezed states, the 
interferometer sensitivity 1 3 - 1 5 (assuming the mirror and 
beam splitter losses are insignificant) can, in principle, be 
increased to Ф = 1/N. Squeezed states promise to in
crease the sensitivity or reliability of other optical devices 
or systems as well. 

Squeezed states appear to be ushering in a new era in 
quantum optics in which the quantum statistics of light 
are manipulated almost at will to optimize the particular 
kind of measurement one is trying to perform. 
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