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Broad-Band Parametric Deamplification of Quantum Noise in an Optical Fiber
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Broad-band squeezed states of light are generated by forward nondegenerate four-wave mixing in
a single-mode optical fiber cooled below 4.2 K. The minimum total noise level was (12.5 +0.5)%

below the standard quantum limit.
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Modern theories of optical noise indicate that certain
radiation states may produce smaller fluctuations of
photoelectric detector current than the familiar
coherent states.!~> Various nonlinear optical processes
have been proposed for generating such ‘‘squeezed
states’’ of light by parametric deamplification of vacu-
um fluctuations, but only one—backwards four-wave
mixing in an atomic beam contained in an optical
cavity—has previously proved successful.* We have
now demonstrated the parametric deamplification of
electromagnetic vacuum fluctuations in a traveling-
wave geometry by use of a single-mode optical fiber.
Although the squeezing reported here could only be
detected between 40 and 60 MHz because of light-
scattering noise, in principle the bandwidth of such
traveling-wave squeezing devices extends from 0 to
100 GHz, limited only by phase-matching considera-
tions.

Squeezed-state generation in single-mode optical
fibers has been discussed previously.>” Two acousto-
optic phenomena—stimulated Brillouin oscillation and
spontaneous guided acoustic-wave Brillouin scat-
tering—must be overcome for such a technique to be
effective.>® Of these the latter is more serious; we
have been forced to immerse the entire 114-m optical
fiber in superfluid helium to suppress the spontaneous
Brillouin scattering. Even so, the noise due to light
scattering is only reduced, not eliminated, and consti-
tutes the main phenomenon that increases the detect-
ed fluctuations. Cooling the fiber, however, lowers
the threshold for stimulated Brillouin oscillation to
roughly 10 mW. The —~ 200-mW pump beam can be
propagated through the fiber only because its power
has been divided among — 25 frequency components
with a phase modulator.®'® The full theory of
squeezed-state generation by four-wave mixing with
such a multifrequency pump will be presented
separately, but when the correct detection strategy is
employed, the noise suppression is the same as the
single-frequency case in Ref. 6.

The photodetector noise current at frequency § is
generated by heterodyne beats of the pump frequency
o with the upper and lower noise sidebands at w”+ 8§
and w”— & which are arbitrarily designated as the sig-
nal (0S5=w”+8) and idler (o’=w”—38) frequencies.

Four-wave mixing in the fiber couples w® and ' to-
gether, creating broad-band squeezed states. The
pump frequency need not be constant; in our case it
oscillated sinusoidally. At the fiber output, the phase-
shifted local oscillator is derived from the frequency-
modulated pump. When the resulting beam is incident
on a detector, the fluctuations in the photocurrent at
frequency & are not affected by the phase modulation,
and the same squeezing is obtained as in the single-
frequency case.®

The actual scheme of the experiment appears in Fig.
1. A stabilized single-frequency 647-nm krypton ion
laser beam is phase modulated in a resonant double-
pass LiTaO; modulator. The resulting pump beam has
constant total power, but many frequency components:

E,(1)=5Eqexpli(wot + M sinwy )] +c.c.

=1E e’ S L™ v, (1)
n= —oo

Spectrum
Analyzer

Faraday

Rotation 0

| p

Laser
Cavity
“m

Modulator '“
wm |

Z

FIG. 1. Schematic of the experimental apparatus. The
two-pass resonant phase modulator is driven at exactly the
mode-spacing frequency of the phase-shifting cavity. The
coil of 5-um-core single-mode fiber is immersed in super-
fluid helium with the input and output lengths cooled by
helium gas. The beam from the fiber is reflected by the
phase-shifting cavity and detected by the EG&G model
FND-100 photodiode labeled D. The dc current from the
diode is monitored by a digital voltmeter labeled DVM,
while the ac noise signals are displayed on an rf spectrum
analyzer.
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where w), = 748.44 MHz is the modulation frequency,
M =10 is the modulation index, and J, is the nth-
order Bessel function of the first kind.!! The pump
light is then coupled (along with vacuum fluctuations)
into 114 m of bare single-mode optical fiber in a heli-
um cryostat. If we neglect the loss and group-velocity
dispersion of the fiber, it can be shown that such a
pump field propagates through the fiber unmodified
except for an overall nonlinear phase shift.® The noise
current produced by a photodiode is due to beats
between noise-sideband amplitudes and each pump-
frequency component. In the fiber, the noise-
sideband amplitudes are coupled together by the opti-
cal nonlinearity. Consider signal and idler amplitudes
at frequencies wy=wo+nwy+8 and !=w,
+ nw,) — 8, respectively, where 8 is the (rf) noise fre-
quency. The noise-sideband amplitude operators, ES
and E,f , are coupled together according to
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where r=K|Ey|?*, [ is the fiber length,
= (127rw/nc )X is the nonlinear coupling.®

The output beam from the fiber is then reflected
from an optical cavity with axial mode spacing equal to
the modulation frequency. This cavity converts the
pump to a local oscillator by equally attenuating each
frequency component and phase shifting each frequen-
cy component by .7 The finesse of this cavity is ap-
proximately 35 and its reflectivity at zero offset is 6%.
The signal and idler sidebands are only slightly at-
tenuated and not phase shifted. The resulting beam
contains strong local-oscillator waves at the frequen-
cies w’+ nw) and a continuum of vacuum fluctua-
tions, potentially squeezed by the four-wave mixing
interaction. This beam then falls on an FND-100 pho-
todetector in a resonant circuit tuned to approximately
55 MHz. The Johnson noise in this circuit is typically
16 dB less than the optical noise. The dc current pro-
duced by the photodiode (roughly 8 mA) generates a
voltage on a 100-Q resistor which is then measured by
a digital voltmeter. The ac components are filtered to
remove any components near or above w,,, amplified,
and displayed on a spectrum analyzer. The fluctuating
noise current is due to the interference of the local os-
cillators and noise sidebands. The Fourier component
of the optical power that produces the fluctuating
current at frequency 8 is

and K
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where £/(0) and £5(0) are the operators at the input
to the fiber which characterize the vacuum fluctua-
tions at the frequencies w! and w, respectively, and
|ELol? is the total local-oscillator intensity. The elec-
trical noise power produced by the detector is propor-
tional to (|7(3)|?) which can be calculated from this
expression.® Almost all of the cross terms cancel be-
cause of various Bessel-function identities, yielding a
functional form identical to that in Ref. 6.

A servo system held the resonances of the phase-
shifting cavity at a variable offset from the frequency
components of the pump. The servo-stabilized cavity
maintained a phase shift § constant within 3° for many
minutes of operation. Other parameters—such as the
transmitted pump power—were similarly constant
enough for reproducible data collection. It proved im-
portant to remove the protective jacket from the fiber
to avoid light scattering or loss at low temperatures,
and to cool the input and output fibers with flowing
helium gas. The ratio of the detector current to the
transmitted power indicated an overall detection quan-
tum efficiency of (80 + 5)%; however, modulation ex-
periments indicate that the local-oscillator-sideband
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spatial overlap factor is only 63%. Thus, only ~ 50%
of the noise suppression can actually be detected.

In a typical experiment, the laser power was set to
produce a transmitted pump wave of 100-200 mW.
With the phase shift set equal to zero, the modulation
frequency was adjusted to minimize the noise level
measured at the detection frequency, typically 55
MHz. This procedure insures that the modulation fre-
quency exactly equals the cavity mode spacing, as oth-
erwise the phase noise of the pump laser would appear
as amplitude noise on the detector.!? The phase shift
was then varied and the noise level and dc current for
each setting were logged by computer. Ten to twenty
measurements were made of the detector current at
each phase, and 1000 noise measurements made dur-
ing a 3-sec dwell time. The spectrum-analyzer resolu-
tion bandwidth was 300 kHz, and the video bandwidth
30-3000 Hz. A computer sampled and displayed the
noise and current levels along with their ratio.

The current at the minimum noise-to-current ratio
was noted, and the noise level of the standard quan-
tum limit immediately determined by focusing of suf-
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ficient filtered incandescent light onto the diode to
yield that current.!3 It proved important to remove all
of the long-wavelength radiation from the incandes-
cent beam. Readings were also taken bracketing the
current levels seen in the experiment. In a subsidiary
experiment, the noise level of the unmodulated laser
was also compared to the incandescent source over a
range of detector currents. The unmodulated laser
gave a noise level systematically (2.0 +1.0)% higher
than the incandescent source. We have taken the
incandescent-source noise level as our definition of
the standard quantum limit.

Typical ratios of the noise and current are displayed
as functions of local-oscillator phase in Fig. 2. The er-
ror bars reflect the standard deviations of the distribu-
tion of measurements. The radius of the dots reflect
three times the standard deviations of the means com-
puted according to the Student ¢ distribution.!* This
latter quantity correctly estimates the statistical uncer-
tainty of the average of these measurements. The
solid line is our experimental realization of the stan-
dard quantum limit. Its width reflects the 0.2% es-
timated uncertainty of the noise level for a coherent
state. At the minimum of the ratio, the noise level of
the light produced by our optical-fiber system is (12.5
+0.5)% below the measured coherent-state level.
This 25-standard-deviation shift verifies that quantum
fluctuations can indeed be deamplified by forward
parametric mixing in an optical fiber with > 99.9%
confidence.

The curved line is a plot of the function
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FIG. 2. The ratio of the rf noise at 56.25 MHz to the dc
current as a function of phase shift 9. The ratios have been
normalized to those for an incandescent source producing
the same current. The standard quantum limit determined
in this manner is unity on this graph. The width of the line
reflects the 0.2% experimental uncertainty in this measure-
ment. The solid circles reflect the noise levels obtained
from the experiment in Fig. 1 with 220 mW of pump radia-
tion. The radius of the circles is three times the 0.4% stan-
dard deviation of the means of the measurements while the
error bracket is the 3% standard deviation of the distribution
of all the measurements at phase §. The curve is a fit by Eq.
(4) with r=0.62, g=1.16, n=0.5, L =0.2, and a =0.16.
The spectrum-analyzer resolution bandwidth was 300 kHz
and video bandwidth was 30 Hz.
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which is the predicted ratio of the noise power in our
experiment to that of a coherent state of equal flux. In
Eq. (4), L =0.2 is the attenuation of the fiber, r is the
squeeze parameter as in Ref. 6, # is the phase shift,
and n=0.5 is the quantum efficiency. The last term
on the right parametrizes a small excess amplitude
noise. The quantity g(8)=1.16 (at 56.25 MHz)
represents phase noise produced by low-frequency
light scattering in the fiber.”® !> While low tempera-
tures reduce g, the minimum value we observe is not
as much less than the room-temperature value (g =8)
as one might expect if this noise were due to thermally
excited mechanical vibrations. In this fiber, we had
employed the classical noise-squeezing technique to
show that r — 0.03/P where P is in watts and / in me-
ters. With the correct value of the excess noise
(a =0.16) and squeeze parameter (r =0.6), Eq. (4)
fits the points of Fig. 2 excellently. Similar results
were obtained at different detection frequencies and
various pump powers.

Figure 3 shows the spectrum of photocurrent noise
produced by a broad-band detector when the phase 0 is
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FIG. 3. Normalized noise spectrum under the conditions
of the minimum of Fig. 2. The noise level produced by an
incoherent source yielding the same dc current at the experi-
ment has been normalized to unity. The broad-band detec-
tor shows a dark noise level of 0.19 on this scale. The fre-
quency dependence of 4 V is due to the noise term g (8).
The large peaks are due to forward Brillouin scattering by
the guided acoustic-wave Brillouin-scattering modes of the
fiber. Noise levels below the standard quantum limit appear
around 45 and 55 MHz.
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at the minimum of Fig. 2. The noise level has been
normalized to that of an incandescent source produc-
ing exactly the same photocurrent. The electrical
noise in the broad-band photodetector is 19% of the
total noise measured with the incandescent source.
Between 41 and 49 MHz and between 51 and 59 MHz,
the noise level is clearly below that of the experimen-
tally realized standard quantum limit. The frequency
dependence of this noise reflects the spectrum of
spontaneous light scattering parametrized by g(8).
Peaks at 37, 50, and 60 MHz are caused by known
guided acoustic-wave Brillouin scattering modes of the
fiber, but the excess noise between the peaks is prob-
ably related to two-level tunneling modes in the
glass.!® Figure 3 clearly shows that noise below the
standard quantum limit exists over an appreciable
bandwidth.

The excellent precision of this experiment permits
some of the predicted properties of squeezed states to
be verified. We have, for example, inserted a variable
neutral density filter between the cavity and the detec-
tor and shown that the decrease in noise level below
the standard quantum limit varies linearly with filter
transmission. The squeezed-state experiments to date
have not realized large noise suppressions, but neither
have they documented any fundamental limitations to
the squeezing phenomenon. Rather, each has shown
that the degree of quantum noise suppression is limit-
ed by some material-dependent light scattering process
that adds excess noise at the detected frequency. Sys-
tems without such processes should reward those who
search for them with much improved noise suppres-
sion.
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