
Deamplification of quantum 
noise and quantum 

nondemolition detection in 
optical fibers 

W henever light is detected, the detector output 
fluctuates a bit around its average value. Even 
when the light source is a perfectly stable laser 

and the detector itself produces no electronic noise, fluctu
ations will appear at all frequencies within the detector 
bandwidth. These fluctuations are commonly called "shot 
noise." In the early 1960s, there was a debate over wheth
er the source of this noise was the quantization of the elec
tron charge or the quantization of the photon energy.1 The 
discovery of three subtle effects—sub Poissonian photon 
statistics, correlations in cascade emission, and photon 
anti-bunching—resolved that debate: the noise came from 
the l ight. 2 - 6 

The "standard" model of the effect—properly termed 
quantum noise when the detector has near perfect efficien
cy—became one where the random arrival times of pho
tons produced the random electrical signals. For a laser 
producing coherent light, the mean square fluctuation of 
the number of photons detected is equal to the average 
number detected. This relationship is characteristic of 
Poisson statistics. 

This particle model predicted that the noise level found 
for coherent light was a fundamental limit—sometimes 
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To understand how lower noise levels are 
possible and how low noise light might 

be produced, one must build a new 
model of quantum noise. 

called the standard quantum limit. That limit is inconve
niently high for people interested in detection of very weak 
effects, such as gravity waves.7 Fortunately, the particle 
model applies correctly only to coherent light (and to inco
herent light that can be described as a random sum of 
coherent waves). Other states of light—notably number 
states8 and squeezed states 9 , 1 0—could theoretically pro
duce lower noise levels. However, most light emission pro
cesses produce coherent states or sums of coherent states. 

New model of quantum noise needed 
To understand how lower noise levels are possible and 

how low noise light might be produced, one must build a 
new model of quantum noise. In this model, the noise re
sults from the interference between different modes of the 
electromagnetic field. A strong coherent state at one fre
quency (i.e., E(ω)) beats against fluctuating amplitudes of 
modes at shifted frequencies (i.e., with δE(ω + δ) and δE(ω 
- δ)) to produce a detector fluctuation at the difference 
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FIGURE 1. Quadrature amplitude plots for coherent and 
squeezed states. A coherent state with <E2> = 0 ap
pears in Fig. 1(a). The average amplitude is at the center 
of the fuzzy circle which represents the quantum fluctua
tions. The kind of squeezed state made by an optical fi
ber appears in Fig. 1(b). The projection of the quantum 
fluctuations along the E1 axis remains as in the coherent 
state as in Fig. 1a, but fluctuations correlated to δE1 are 
added to E2. Figure 1(c) shows phase shifted average 
amplitudes that produce squeezed states with phase or 
amplitude fluctuations less than a coherent state. Only 
the squeezed amplitude fluctuations reduce the noise as 
measured on a simple light detector. 

frequency δ. The Four ier component of the intensity at the 
difference frequency is: 

I(δ) = (c/8π)(E*(ω)δE(ω + δ) + E ( ω ) δ E * ( ω - δ)). 
The average value of the fluctuating noise amplitude is 
zero, but the mean square is always nonzero. 

Light can be model led as a collection of harmonic oscil
lators. The oscil lat ing electric field of a light wave can be 
writ ten as E(t) = E1 cos ωt + E 2 sin ωt. Quan tum mechan
ics requires that the ground state of any harmonic oscil la
tor must contain half a quantum of energy and must show 
zero point mot ion. For light, these zero point motions are 
termed " vacuum fluctuations" and are responsible for 
many we l l -known effects. Interference between the vacu
u m fluctuations and a coherent wave produces the noise 
level termed the standard quantum l imi t . 7 

The two quantities E1 and E 2 are termed quadrature 
amplitudes and are conjugate operators in a quantum me
chanical treatment. They cannot both be perfectly deter
mined; the uncertainty principle sets a lower bound for the 
product of the uncertainties in E1 and E 2 . For a vacuum 
state and any coherent state, these two uncertainties are 
equal and their product is equal to the m in imum al lowed 
by the uncertainty principle written here as <δE V

2>. The 
uncertainty in the quadrature amplitudes can be portrayed 
as a fuzzy circle on an E1 E 2 plot as in Fig. l a . The center 
of the circle gives the average quadrature ampl i tudes 
<E i> whi le the possible instantaneous values for the field 
quadra tu re amp l i t udes are Ei = <E i> + δEi. In a 
squeezed state of light, the uncertainty in the quadrature 
amplitudes are represented by an ellipse as in Figs. l b and 
1c. The uncertainties measured along the major and minor 
axes of the ellipse are unequal, and one of them is less than 
the uncertainty for a coherent state. 9 , 1 0 The rms intensity 
fluctuation is proport ional to the projection of the uncer
tainty ellipse along the direction of the average amplitude 
given by the vector w i th components <E 1> and <E 2>: 

δIrms = c/4π <|δE1 <E 1> + δE2 <E 2 >| 2 > 1 / 2 . The rms 
noise current provided by a photodetector is proport ional 

to δIrms. For a coherent state δIrms = c/4π |<E>|<δE v

2> 1 / 2. 

Squeezed states in optical fiber 

Such squeezed states of light can be produced by nonl in
ear opt ical interact ions. 1 1 , 1 2 , 1 3 In an optical fiber, the ef
fect that causes squeezing is the nonlinear index of refrac
t ion: n(E) = n 0 + n 2 | E | 2 . 1 2 The essence of the process in a 
single mode fiber can be understood by considering a 
strong pump wave wi th < E 2 > = 0. The uncertainty in E1 

(written as δE1) corresponds to fluctuations in the ampl i 
tude of the pump wave. The uncertainty in E 2 (i.e., δE 2) 
corresponds to fluctuations in the pump phase (i.e., δΦ(0) 
= δ E 2 / < E 1 > ) . A t the input to the fiber the light is in a 
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coherent state <δE 1

2(0)> = <δE 2

2(0)> = <δE 2

v>. In prop
agating down a length of fiber, the light accumulates a 
phase shift 2 π /λ. However, because of the nonlinear in
dex of refraction, this phase shift depends on the ampli
tude of the pump wave, which fluctuates. The instanta
neous phase shift is: 

where the amplitude of the wave has been written as the 
sum of its average value and its quantum fluctuations. The 
phase fluctuations at the output of the fiber are then corre
lated with the fluctuations of the amplitude: δE2( ) = 
δE2(0) + rδE1( ). The quantity r is termed a squeeze pa
rameter and is proportional to the nonlinear index of re
fraction, pump power, and fiber length. 

Fluctuations in the index of refraction cannot affect the 
amplitude of a wave, only its phase. Thus the amplitude 
fluctuations of the input are passed through the optical 
fiber without change. The phase fluctuations at the out
put, however, are larger than the input. The resulting un
certainty ellipse is oriented as shown in Fig. lb . The pro
jection along the E1 axis is the same as for the vacuum 
state. However, the minor axis is at an angle - 1/2 Arc co-
tan (r) and is smaller than the vacuum state by a factor of 
{1 - 2r(1 + r 2 ) 1 / 2 + 2r 2} 1 / 2. The detector noise can be 
reduced by that factor if the phase of the average ampli
tude at the detector can be shifted with respect to the 
phase of the pump wave as in Fig. 1c. 

The most convenient means of phase shifting the aver
age amplitude is to reflect the output wave from a Fabry-
Perot interferometer tuned near resonance. The light 
stored in the interferometer cavity interferes with the re
flected input, producing a phase-shifted local oscillator 
wave. The detected quantum noise power is then smaller 
than the input noise level by a factor of 1 - 2r(1 + r 2 ) 1 / 2 + 
2r2. The quantum noise has been deamplified by the non
linear interaction in the optical fiber. Of course, if the local 
oscillator phase had been shifted by (90° - 1/2 arc cotan r), 
the quantum noise would have been increased by 1 + 2r(1 
+ r 2 ) 1 / 2 + 2r 2. The product of the noise levels at the maxi
mally squeezed and unsqueezed phase angles remains 
equal to the value required by the uncertainty principle. 

Need to suppress noise complicates experiment 

A number of effects complicate the actual experiment 
that is shown in Fig. 2. First, optical fibers produce noise 
above the quantum level by light scattering processes. Par
tially suppressing that noise requires cooling the fiber to 
below 2K. At such low temperatures, the threshold for 
stimulated Brillouin oscillation is well below that needed 

for significant deamplification. The stimulated Brillouin 
effect reflects the bulk of the pump wave, preventing it 
from propagating far enough through the fiber to cause 
squeezing. 

The oscillation can be suppressed by broadening the 
spectrum of the pump light with a resonant phase modula
tor. The strong phase modulation has no other effects 
when the modulation frequency is tuned exactly to the 
mode spacing of the interferometer used to shift phases.1 2 

Otherwise the apparatus shown in Fig. 2 functions just as 
described. Two hundred milliwatts of pump light is cou
pled into the fiber along with vacuum fluctuations. The 
various modes interact as they propagate down the 100m 
long single mode optical fiber. The output of the fiber is 
reflected from a phase shifting interferometer onto a high 
quantum efficiency photodiode. The D.C. current, which 

FIGURE 2. The experimental apparatus of reference 12 
that demonstrated squeezing in an optical fiber. The 
krypton ion laser operated single mode at 647 nm. The 
laser beam propagated through the phase modulator and 
into the fiber where the squeezing took place. After the 
fiber, a cavity phase shifted the pump wave to produce a 
local oscillator. The beam containing the phase shifted 
pump and fluctuating sidebands fell then on a photodi
ode. The D.C. current and A.C. noise were measured by 
a digital volt meter (DVM) and an electronic spectrum 
analyzer, respectively, and compared with one another. 
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FIGURE 3. The noise to current ratio for the fiber pro
duced squeezed state compared to the noise from an in
candescent source (standard quantum limit). The phase 
dependence of the noise with a net noise level below the 
standard quantum limit shows that this is a squeezed 
state. The radius of the solid circles is three times the es
timated uncertainty of all of the measurements used at a 
particular phase while the error bracket shows the un
certainty of a single measurement. 

FIGURE 4. The effect of attenuation on squeezed light. 
The noise to current ratio is plotted here as a function 
of the transmission of a neutral density filter. The ratio 
is independent of attenuation for light at the standard 
quantum limit as produced by an incandescent source. 
However, the noise to current ratio of squeezed light 
rises towards the standard quantum limit as the trans
mission of the filter is decreased. 

calibrates the average intensity, and the A .C . fluctuations 
as measured on an electronic spectrum analyzer are re
corded. 

The standard quantum limit is defined by shining an 
incandescent light into the detector. The ratio of the noise 
power to the D.C. current is identical to that for the input 
laser and defines the vacuum noise level operationally. 
The noise ratio for the fiber experiment is measured rela
tive to the light bulb level, which is normalized to unity in 
Fig. 3. The curve and solid circles shown in Fig. 3 are the 
corresponding noise-to-current ratios plotted as a function 
of the cavity phase shift. It is clear that the noise ratio is 
12.5% below the light bulb level for phase angles near 
- 2 0 ° . The uncertainty of the ratio measurements is 
0.5%—clearly much less than the size of the effect. The 
light scattering noise raises the ratio well above the quan
tum level for other phase shifts. 

An even more unusual property of squeezed states of 
light is that the noise-to-current-ratio rises as the light is 
attenuated.14 Figure 4 shows a comparison of the ratios 
for an attenuated incandescent light and for the light re
flected from the interferometer as a function of the trans
mission of a neutral density filter. The squeezed state noise 
ratio rises towards the ratio for the incandescent light as 
the transmission falls. A partially transmitting (grey) filter 
adds black body radiation to the transmitted beam. At 
optical frequency and room temperature, black-body radi
ation and vacuum fluctuations are equivalent. 

Quantum nondemolition detection effects 
observable 

Other techniques—notably quantum noise deamplification 
in an optical parametric oscillator—have demonstrat

ed much greater squeezing.13 However, optical fibers can 
demonstrate effects that are very difficult to observe in 
other systems. One such effect is quantum nondemolition 
detection.1 5 

Quantum mechanical measurements always add uncer
tainty to the system being measured. In optics, for exam
ple, a measurement of the power of a beam destroys the 
quanta in that beam; it is a quantum demolition measure
ment. The system (i.e., the light beam) is not available for 
further measurements. A back-action evading quantum 
nondemolition (QND) measurement does not perturb the 
quantity being measured. Any uncertainty required by 
quantum mechanics is added to another system variable. 1 6 

One optical Q N D measurement would determine the am
plitude of a wave without changing that amplitude. Subse
quent measurements would measure the same amplitude. 
Figure 5 shows a scheme of successive Q N D measure-
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Other techniques—notably quantum 
noise deamplification in an optical 

parametric oscillator—have demonstrated 
much greater squeezing. 

merits; each meter adds uncertainty to the light beam— 
but to the phase, not the amplitude. 

Just this sort of Q N D measurement occurs when two 
different color light waves propagate through the same op
tical fiber. The amplitude quadrature fluctuations of one 
wave modulate the phase quadrature of the other wave 
(and vice versa). Measurements of those phase quadrature 
fluctuations allow one to infer the quantum amplitude 
fluctuations of the other wave. 

One application of such a device is the "Quantum Cary 
14" shown in Fig. 6. Like a conventional dual beam spec
trometer, the fluctuations of the outputs of the two detec
tors (D1 and D 2) in this device are correlated. Subtracting 
the currents reduces the noise that obscures the effects pro
duced by the sample labelled S in one beam. Ordinarily, 
the minimum possible noise level is the sum of the vacuum 
noise levels at the two detectors. By measuring the phase 
fluctuations of a readout beam coupled to the spectrome
ter beam in an optical fiber, the "Quantum Cary 14" cor
relates even the quantum noise. Such a scheme allows (in 
principle) a zero noise level and perfect sensitivity for the 
detection of effects due to the sample. So far, the noise 
level of the difference signal is only 5% below the standard 
quantum limit for detector D 1 . Still, that sensitivity is bet
ter than can be obtained in any conventional device. 

Another possible application is the "quantum noise eat
er" shown in Fig. 7. In this device, the quantum nondemolition 

detector measures the noise on the signal beam and 
then feeds that measurement into an amplitude modula
tor.8 That modulator then adds fluctuations equal and op
posite to those measured by the Q N D detector. The net 
result could be a beam with a noise level below the stan
dard quantum limit—a feed-forward produced squeezed 
state. 

Nonlinear optics has the potential for altering the quan
tum statistics of light in a variety of useful ways, making 
heretofore impossible devices and measurements feasible. 
For example, recent calculations1 7 have shown that opti
cal solitons with squeezed quantum noise are produced by 

FlGURF 5. A series of quantum nondemolition measure
ments of the ampbtude of a light wave. The beam of 
light passes through each measuring device without a 
change in amplitude. Thus each successive measurement 
produces the same reading. The uncertainty principle, 
however, requires that the phase of the light become 
more uncertain after each measurement. 

FIGURE 6. A dual beam "spectrometer" employing QND 
in an optical fiber. The phase fluctuations of the beam 

become correlated with the amplitude fluctuations of 
the beam Ey in the optical fiber. The current produced 
by the detector D2 is a QND measurement of the ampli
tude fluctuations. A weakly absorbing sample at S modi
fies the amplitude of the wave reaching detector D1 The 
quantum fluctuations (which had been previously mea
sured at D2) are subtracted, allowing the detection of 
small changes caused by the sample. 

FIGURE 7. A quantum noise demodulator employing a 
QND detector and an acousto-optic amplitude modula
tor. The amplitude fluctuations of Ey are measured using 
the optical fiber technique and used to control a modu
lator. The modulation of the average amplitude counters 
the fluctuations caused by quantum mechanics, produc
ing an output beam that has a more constant amplitude 
than coherent light. In the limit of perfect control, the 
output would approach a number state. 
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fibers that exhibit anomalous dispersion. These fibers also 
show a "modulat ional instabi l i ty" that might make 
nearly perfect squeezing attainable, if the effect of excess 
light-scattering noise is not too severe. Such phenomena 
open the door to the use of low-noise ultrashort pulses in 
applications where time resolution is important. The non
linear properties of optical fibers make them useful in 
some devices, but others seem to require nonlinear pro
cesses possible only in crystals. Perhaps single-mode crys
tal fibers will prove to be the most exciting possibility of 
all. Meanwhile, more and more optical scientists are ex
ploring present-day techniques for generating nonclassical, 

low-noise light. 
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