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Sub-Shot-Noise laser Doppler Anemometry with Amplitude-Squeezed Light
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Amplitude-squeezed light from a quantum-well semiconductor laser with weak optical feedback from
a highly dispersive grating is employed for laser Doppler anemometry. Up to 2 dB noise reduction
below the shot-noise level is observed with a feedback factdrsfk 107*. Enhanced sensitivity is
demonstrated in the Doppler measurement of a gas flow velocity with an improvement in the signal to
noise ratio of 1.0 dB above the shot-noise limit. [S0031-9007(97)02955-4]

PACS numbers: 42.50.Dv, 42.55.Px, 42.62.Fi

In recent years, squeezed light exhibiting fluctuationdDoppler shift of light scattered from moving particles. The
below the standard quantum limit (SQL) in one quadraturd.DA technique has been employed to measure the ve-
amplitude or in the amplitude of the field has been showrocity distribution of cold atoms trapped in an “optical
to enable precision measurements with sensitivities bemolasses” [13] and in molecular scattering. The small
yond the SQL [1-4]. Quadrature squeezed states of lighDoppler frequency shifts in the weakly scattered light may
characterized by reduction of the mean square fluctuatiobe detected by an optical heterodyne technique using a
in one quadrature component of the field below that of theeference laser beam. The velocity and density of mov-
vacuum state, have been used to improve the precision afg particles in a fluid can be obtained from the beat
shot-noise limited measurements of weak absorption [2lrequency and beat amplitude. For the experimental ar-
and in interferometry [3]. A frequency-tunable squeezedangement shown in Fig. 1, the Doppler shift of the scat-
light source has been used to demonstrate improvemetdred light (dashed line directed to the detector) is given
in the sensitivity of the saturation spectroscopy of atomidoy [12]
cesium [4] and to demonstrate fundamental phenom- _
ena in the atom-photon interaction [5]. Amplitude- ¥p = (/Mu - (kg — ko) = 2nu/A)sin(a/2), (1)
squeezed states of light, featuring photon number
fluctuations below those of Poissonian statistics, hav
been generated from semiconductor lasers [6—8], an
have been recently used for nonlinear spectroscopy an
dark fringe interferometry [9]. Low noise amplification
has also been demonstrated using sub-Poissonian lig
generated by semiconductor junction light emitters [10].

In this Letter, we demonstrate the application of
amplitude-squeezed light to laser Doppler anemometry ...,
with consequent improvement in the sensitivity of ve- : Sauweezedsource power Q
locity measurements above the shot-noise limit. The : meter AN pol iso, Lt
amplitude-squeezed light was produced from a cooled : | B} 7 o 0
quantum-well semiconductor laser with weak grating
feedback of~1073-107%. Up to 2 dB of photon number
squeezing was observed. We have utilized this squeezed:
light source to achieve an improvement in sensitivity of | Blocker
éé(ie(iﬁogeg?n[()jog;)(leel's-Zﬁitftr;(()jlsl?gI!:trn Istc;(t)trertgg ftlg;[sr(;dégigla 1. Experimental setup. Squeezed source: LD—laser

iode; BS—beam splitter with 94% transmission; NDF—

flow containing smoke partiples. . “neutral density filter; Pol.—polarizer; Iso.—optical isolators;
The laser Doppler technique has been widely used im1, L2, L3—optical lenses; PZT—PZT-controlled mirror; M1,

laser Doppler anemometry (LDA), laser radar (LIDAR), M2—mirrors; Al, A2—apertures. The laser beam from the

and in light scattering measurements where an intense cgdueezed source passes through a gas flow twice at an angle

herent light source is required [11,12]. Laser Do IerOf a. The scattered light and the transmitted reference beam
9 : require 1=l PP€Tare collected by a large area pin photodetector (Det.) and

anemometry is a precise optical technique for the meame output photocurrent is amplified, and fed into a spectrum

surement of velocity based on the determination of thenalyzer (SA).

ith »n the index of refraction of the flow mediumy

e velocity vector of the flow with amplitude, A the
avelength of the laser beaiky andk, the unit vectors in

e directions of the illuminating and scattering (reference)
R?ams, respectively, andthe angle between them.
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The fundamental limitation to sensitivity of this ref-
erence beam technique is the shot noise arising from
the reference laser beam [12]. The light received by
the photodetector comprises a strong local oscillator (ref-
erence beam) component and a much weaker Doppler-
shifted (scattered light) component. The photocurrent is
i(t) = me[ljy + 2(I10l;)"/* cod2mwvpt)], wherey is the
quantum efficiency of the photodetector, ahg and I
are the photon number fluxes (intercepted by the detector
per unit time) of the reference and scattered beams, re-
spectively. The mean square heterodyne signal current at
frequencyrp is then given by(i2) = 2¢29%I,1; and the
mean square noise current by) = 2e2n1,0BF, with B
the noise bandwidth, anfiy the Fano factor of the de-

Noise power (dB)

tected reference beam. The signal to noise ratio is then 70| Y,
given by sl
-2 -2 74
(is)/(iy) = mls/BFy. () 76 [ . L

it ‘f Eq. (2) that itud q 02 04 06 08 1.0 12 14
is apparent from Eg. at an amplitude-squeeze
reference beam (witlfy < 1) leads to enhanced sensi- Frequency (MHz)
tivity of Doppler velocity measurements relative to shot-FIG. 2. Measured noise spectral densities for the transmitted
noise limited measurements (witfy = 1). The signal reference beam with a dc detector current of 10.0 mA for
to noise raio of £, (2) may be witen as an upper?) e 976 o tee o eateng parices ane () e o
limit of 27(n,)/Fo, where n(n;) is the integrated pho-  g'\iiy, corregsponds tg a flow velocity oe‘p267 i 'Ighe
ton count in a matched filter measurement. In our experisignal to noise ratio is improved by 1.0 dB above the usual
ment shown in Fig. 1, both the illumination and referenceshot-noise limit.
beams come from an amplitude-squeezed laser source and
intersect with a gas flow containing a cloud of smoke
particles. The intensity of the weakly scattered light isparticles is shown in Fig. 2(b), where the signal to noise
proportional to the intensity of the illuminating beam, ratio is 1.0 dB above the shot-noise limit. The Doppler
that is, I, = BI,3, where B8 is a scattering parameter. shift signal at 0.6 MHz corresponds to a flow velocity of
Therefore, for a giver3, we can improve the signal to 267 mnys from Eq. (1) withA = 770 nm, n = 1.0, and
noise ratio by employing a photon-number squeezed refa = 120°.
erence beam as well as by increasing the optical power The experimental arrangement in Fig. 1 is a typical ref-
of the illumination beam. This sub-shot noise, weakerence beam heterodyning configuration for laser Doppler
scattering laser Doppler technique is therefore potentiallyneasurements [12]. The amplitude-squeezed laser beam
valuable in situations where upper limits on permissiblefrom the squeezed source (about 25 mW at 770 nm)
ilumination intensities exist and where high precision ispasses through a polarizer (extinction ratid0*:1) and
required, as in medical applications, atomic and molecutwo optical isolators (total isolation ratio-60 dB), and
lar scattering, and nondestructive laser measuremenis then focused by lens L1 (witlf = 75 mm) onto the
generally. flow; this focused light acts as the illumination beam.
When the total light scattering is very weak (corre-The transmitted laser beam, which serves as the refer-
sponding to an optically thin medium), the optical loss isence beam, is collected and focused by lens L2 (with
correspondingly small (in this experiment, less than 2%)f = 100 mm). The reference beam is also focused onto
and will not significantly degrade the squeezing of thethe flow but its focus is slightly displaced from that of the
reference beam. This is the basis of this new techniquéllumination beam. This ensures that the effective scat-
A similar principle has been demonstrated in absorptiortering regions are slightly different for the two beams and
spectroscopy with squeezed light [5,9], where the phoso avoids loss of signals by phase decorrelation [12]. The
ton losses are also negligibly small. A typical heterodynescattered light is focused with the reference beam into an
spectrum is given in Fig. 2. In the absence of scatteringperture Al by lens L3 and passes through an aperture
particles, the noise power of the reference beam (from 0.32 in front of a high efficiency pin photodetector (Hama-
to 1.5 MHz) is found to be 1.0 dB below the shot-noisematsu S3994). The ac part of the photodetector current is
level [Fig. 2(a)], set by a red-filtered white light refer- amplified and fed into a spectrum analyzer. The aperture
ence source and balanced detectors [7,8]. The heterody®d. is used to ensure that only light coming from or pass-
signal due to Doppler-shifted light scattered from smokeng through the desired region reaches the detector.
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The squeezed laser source used in our experiment
was a quantum-well AlGaAs semiconductor laser with
weak optical feedback from a grating in a Littman-
Metcalf configuration, as shown in Fig. 1. The laser
diode (SDL-5411-G1) and collimation lens were cooled
down to 80 K inside a liquid nitrogen cryostat. Because
of the presence of multiple subthreshold longitudinal
side modes in the laser diode [14], some line-narrowing E . . - :
techniques such as injection locking or optical feedback 85, 5 10 15 20
from an external grating must be used in order to Frequency (MHz)
obtain amplitude squeezing [7,8]. In our experiment, — T
we used a beam splitter BS (with a transmission of 16k (b)
94%) to reflect a small portion of the laser beam to
a grating (1800 linedmm). The first-order diffraction
beam was reflected and fed back to the laser diode by a
piezoelectric-translator-controlled mirror. A power meter
behind the beam splitter was used to measure the feedback
intensity. The maximum feedback intensity was a fraction 0.6
(1.2 X 107%) of the output power of the laser diode. B O T
Sine the feedback beam passes the grating twice, the 00 02 04 06 08 10 1.2
external cavity in this configuration is highly dispersive Feedback intensity (10°)
and therefore is effective in suppressing longitudinalFiG. 3. (a) Measured noise power spectral densities for the
side modes. This configuration keeps the advantagesitput beam of the squeezed source. Cuavend curvec
of low optical loss for the squeezed light output andare the shot-noise levels with dc detector currents of 12.0
provides frequency tunability [15]. The threshold currentd?d 8.0 MA, respectively. Curvé is for the output beam

S . with a 12.0 mA detector current and curvé is for 50%
(3.5 mA at 80 K) was not changed significantly by this genyated output beam. Curveis for the amplifier noise

weak grating feedback. The linewidth of the single-jevel. (b) Measured Fano factor at 10.0 MHz at different
mode laser with this configuration is estimated to befeedback intensities with a 12.0 mA detector current.

below 1.0 MHz [15], which corresponds to a coherence
length of a few tens of meters, much larger than the
optical path difference between illumination and referencelegraded to about 1.0 dB as shown in Fig. 2(a) due to
beams in Fig. 1. the additional optical losses and the interference between
Curve b in Fig. 3(a) shows the measured noise powetthe main polarization component and small perpendicular
spectral density for the laser beam from the squeezepolarization component [7,14].
source (without the polarizer and optical isolators), with The gas flow used in the experimental comprised high
the laser diode biased at 26.7 mA giving a correspondingressure clean nitrogen gas passing through a small cham-
photodetector current of 12.0 mA. Curve is the ber containing a smoke generator. As the smoke passed
shot-noise level with the same photodetector currenthrough the intersection region of the illumination and
The shot-noise level (SNL) was set by a red-filteredreference beams, the photodetector current decreased by
white light source. In order to decrease the effect ofless than 2%. In order to eliminate possible feedback
detector saturation in calibration of the SNL, the large-of scattered light into the squeezed source, we inserted
area (10 mm X 10 mm) pin photodiode was placed far a polarizer and two optical isolators between the squeezed
away from the focus of the reference beam at Al smource and scattering region. The optical feedback due
that the laser beam nearly filled the detector aperturgo light scattering by the gas flow was then less than
Care was taken to check the consistency between th#)~%. Thus, the optical feedback into the laser diode
SNL in two identical detectors set by two white light was dominated by the grating feedback which was set
sources and the noise calibrated by the balanced detectasthe maximum feedback intensity1.2 X 1073). Fig-
with a 50/50 nonpolarizing beam splitter [14]. We found ure 4 shows Doppler shift signals at different nitrogen
that the noise levels agreed to within 5% for dc detectogas pressures. The flow velocities of 324, 267, and
current up to 15.0 mA per detector for the large beanil95 mnys were inferred from the observed Doppler shift
spot described above. As an additional check, as the lassignals in Figs. 4(a)—4(c), respectively. The detection
beam was attenuated 50% by using a neutral density filtesensitivities for Doppler signal measurements were clearly
the squeezing level (2.0 dB) was reduced by 50% (curvabove the shot-noise level. The linewidth of the Doppler
d related to the SNL of curve) after correction for beat signal was limited by transit time, resolution band-
the amplifier noise level (curve). When the polarizer width of the spectrum analyzer, and turbulence of the
and optical isolators were inserted, the squeezing wagas flow.
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