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Coherent nonlinear optical spectroscopy using photon-number squeezed light
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Using coherent nonlinear optical spectroscopy below the band edge of a Ga#&dAl; ;As multiple
guantum well, photon-number squeezed light generated by a quantum-well laser is used to resolve the exciton
resonances and the Urbach tail with detection sensitivity below the semiclassical shot-noise limit. The effect of
polarization-dependent noise in the nonclassical probe field is also investifa1€50-294®6)51009-7

PACS numbg(s): 42.62.Fi, 42.50.Dv, 42.55.Px

With recent advances in nonclassical optics, noise redudield: ((An’)?)=[to+ (1—t)]t(n), where 1- o is the frac-
tion limits thought to be rigid from the semiclassical theorytion below the corresponding SNKr{)) of noise power in
have been exceeded. In work by Cayg§ squeezed states the field before the sample<t<1 is the transmission co-
of light were predicted to enhance the sensitivity of interfero-efficient of the sample and optical losses after the sample,
metric measurements beyond established semiclassical lintnd((An’)?) is the photon-number variance at the detector.
its. The development of quadrature squeezed light sourcdsom this equation, it is clear that even with ideal optics
that shortly followed led to a series of critical experimentsand squeezingfor a number stater=0) the noise level
that confirmed many benefits of nonclassical fidlds Re- ~ Wwill be limited by the sample transmission to €£1)t(n)
cently, atom-photon interactions involving quadrature=(1—1t)S, which is 5.2 dB below the SNLS) for this ex-
squeezed light demonstrated the predid¢t@dsensitivity en-  periment. This limitation is due to vacuum field fluctuations
hancement in frequency modulatiofM) spectroscopy4].  that enter through background losses in the sample.
In addition to improved noise properties, the use of quadra- The basic setup for the spectroscopy experiment is shown
ture squeezed light was demonstrated to lead to fundamentil Fig. 1(A). The nonclassical probe field is generated by a
alterations in the atom-photon interactifB]. The applica- quantum-well laser injection-locked at 820 nfi2 193
tion of photon-number squeezed light has been predicted tonm~*) and held at 124 K in a cryostat. Details of squeezed-
result in nonclassical sensitivity enhancements for problemblght generation are given elsewhdr&d]. One of two tun-
in spectroscopy, communications, and biomedical sensingble dye lasers serves as an injection-locking source for the
[6]. Recently sub-shot-noise amplitude modulafi@r8] and quantum-well laser, although use of a semiconductor laser
frequency modulatiofi9] measurements were performed us-for injection-locking is also possible]. The other dye laser
ing photon-number squeezed light. provides a coherent-state pump field that is amplitude modu-
In this paper, coherent nonlinear spectroscopy is demoriated at 3.6 MHz with an acousto-optic modulat&OM).
strated in which a photon-number squeezed probe field anBump intensity modulation depths measured directly before
an amplitude-modulated coherent-state pump field are used
to probe the differential transmission of the exciton reso-
nances and Urbach tail in a GaAs{AGa,_osAs multiple (A)| Dye Dye To Spec.
quantum well (MQW). The use of a photon-number Laser Laser Analyzer
squeezed probe field enables the measurement of spectro-
scopic signatures that are below the semiclassical shot-noise
limit (SNL). Starting with a 1.9-dB squeezed probe field and QW Las‘;\r B
a 30% attenuation in the sample, the spectroscopic sensitivity U -
is enhanced by 1.0 dB0%) beyond the sensitivity that can T3 XTal
be achieved with a classical field, under identical experimen-
tal conditions. The impact of correlated noise in the nonclas-
sical probe field on the spectroscopic sensitivity is evaluated, (B) Pump
and the cancellation of polarization-dependent fluctuations +
results in sub-shot-noise sensitivity from a measurement us- |
ing a polarized field that exhibits super-Poissonian amplitude  yo——. L MQw Spectrum
fluctuations. Source I 281K Analyzer
The true quantum limiti.e., below the SNLto low-noise \]‘ Beam
spectroscopyideally determined by sample los$e=an be THBlock oA B
most closely approached by interacting the full available in-
tensity of the nonclassical probe field with the sample. The £ 1. (a) The setup used in polarization-insensitive spectros-
noise associated with such an experiment is described by tr&,py measurements: QW, quantum well; IBS, injection-locking
usual formula for attenuation of a photon-number squeezegeam splitter; AOM, acousto-optic modulator; NP-BS, nonpolariz-
ing beam splitter; MQW, multiple quantum welB) The setup
used in polarization-dependent measurements: PBS, polarizing
*Permanent address: Aarhus University, Aarhus, Denmark. beam splitter; OA, optical attenuator.
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wavelength through the sample resonangese: the probe
can also be tuned over the 10-GHz locking bandwidth
order to observe the entire spectrum at a single reference
level on the spectrum analyzer, the modulation depth on the
pump was reduced to 0.3% for the run shown in Fi@)2

The solid curves are drawn as an aid to the eye. The SNL
0 1 2 3 4 5 6 7 trace is the corresponding balanced homodyne detector dif-

RF Frequency (MHz) . . .

© 5 ference photgcurren_t noise power. The two peaks in Fig.

1 Exciton Resonances ( 2(B) are, in increasing wave number, the heavy hole

1 1 % (hh1) and light hole(lhl) exciton resonances, respectively.

7 The creation of exciton population by the pump modulates
the probe transmission through such mechanisms as phase-
space filling, excitation-induced dephasing, and induced ab-
sorption[11]. In separate measurements, induced absorption
was found to dominate at the excitation densities present in
this experiment.

The nonclassical sensitivity of this experiment is apparent
e in the Urbach tail at energies below the hhl resonance. At
© "4""7"'/ S B frequencies less than 12 238 ¢ the power at the signal
12220 12230 12240 12250 12260 12270 12280 12290 12300 frequency is below the SNL. The minimum detectable am-

Optical Frequency (em™") plitude is 1.0 dB below the SNL, which is the level of the
quantum background noise limiting the measurement sensi-

FIG. 2. (A) Amplitude noise spectrum with the sample re- tjyity, The range of frequencies over which the Urbach tail
moved; at the signal frequency, 3.6 MHz, the field is 1.9 dBmgay pe observed is consequently increased beyond the range
squeezed(B) Coherent nonlinear optical spectrum of a GaAs/ that would be obtained if a classicéshot-noise-limitey
Al,Ga; _,As multiple quantum well at 6.8 K. Probe power at 3.6 probe field were used in this experiment.

MHz is displayed as a function of the pump frequency. The low- . . .
frequency Urbach tail is observed to a power level 1.0 dB below the Supporting measurements are required to confirm that the

measured SNL. Spectrum analyzer: RBW 300 kHz, VF 300 Hz-Sub-shot-noise intensity of the probe is in fact the limiting
five-scan average. noise source. Stray pump scatter or amplitude noise con-

verted from the pump can potentially limit the experimental

the sample are as large as Slitnited by the AOM fre-  sensitivity. Measurements of the noise at 3.6 MHz when the
guency respongeThe probe field output from the sample is probe field is blockedbefore the samp)eshow that noise
detected in a balanced homodyne dete¢td)]. However, due to pump scatter is unobservable below the amplifier ther-
the noise reduction benefits of the squeezed probe field canal noise floorfwhich is 10 dB below the probe field inten-
be realized with direct detection in a single photodetector. Irsity noisg¢. When the spectroscopic signal is present, the
order to demonstrate sub-shot-noise detection, the balancedise level at the signal frequency, measured by an electrical
homodyne detector is used to accurately measure the signabmodyne technique described previoydy, is equal to the
strength and laser noise power relative to the SNL. intensity noise of the probe fielfor 300-kHz RBW. In

The GaAs/A}Ga_gsAs MQW sample was grown by addition, the amplitude noise on the probe was measured
molecular-beam epitaxy and consists of 30 periods of 200-Avith the pump modulation turned off and the pump wave-
GaAs quantum wells separated by 200-A barriers oflength tuned to various points in the spectrum. The presence
Al 4Ga, -As. Then* GaAs substrate is removed by etching. of the pump was not observed to influence the amplitude
The sample is mounted on an antireflection coated glass digkoise on the probe, which may be important due to nonlinear
in a cryostat at 6.8 K. To avoid Fabry4®¢ modulation ef-  processes.
fects and optical feedback to the laser, the sample is angled One characteristic of nonclassical fields that is not consid-
with respect to both the pump and the probe fields. ered in the experiment up to this point and that can be im-

The photon-number squeezing spectrum measured withortant in many practical applications is the presence of
the sample removed from the cryostat is shown in F{g.)2 strong, often quantum, noise correlations. For example, in
The laser noise trace, which is 1.9 dB.1 dB corrected to multimode semiconductor lasers, correlations have been ob-
the cryostat squeezed at 3.6 MHz, is the measured ampli-served between different longitudinal modes, such that while
tude noise from the sum photocurrent of the balanced homane or more individual modes may exhibit amplitude fluc-
dyne detector. The SNL trace is measured on the differenceiations in excess of the SNL, the sum over the fluctuations
photocurrent and is identical to the spectrum of a red-filterean all of the modes is below the SNI12,13. Even when a
halogen lamp to within 0.1 dB. semiconductor laser is operating highly single model(®

The photon-number squeezed field described above iside-mode suppressiphl4], such anticorrelations in the re-
used to probe the nonlinear response of the MQW samplesidual side modes can become unbalanced after propagating
The probe field overlaps the classical pump field at a weakhrough a material with frequency-dependent loss, as is often
focus on the samplgFig. 1(A)]. The optical frequency de- the case in spectroscopy. Thus, the measurement process
pendence of the nonlinear response in the MQW is shown imvould in this case not only introduce vacuum fluctuations,
Fig. 2B). The spectrum is recorded by tuning the pumpbut also couple noise from other optical parametees, the
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mode partition into the photon-number fluctuations. The net -66
result can be background noise on the measurement that is ]
larger than the SNL. ]
In this experiment, injection locking is used to suppress <70
noise due to longitudinal mode effects; however, the low- :
temperature laser operation with polarization-sensitive injec-
tion locking can result in strong noise correlations between
orthogonally polarized fields in the laser output. Due to a
combination of birefringence-induced polarization mixing
and intrinsic polarization coupling in the laser gain medium, 1.
amplitude fluctuations on the two polarization axes can be -80 ——=
anticorrelated 10]. Similar to the case for the longitudinal B e
modes, the polarization-dependent fluctuations are balanced 12210 12215 12220 12225 12230 12235 12240 12245
between the two orthogonally polarized output fields. If a Frequency (cm™)
polarizer is introduced that disrupts this balance,

polarization-dependent fluctuations will couple into the FiG. 3. Effect of polarization-dependent probe field fluctuations
photon-number fluctuations, which can lead to even supefhat are correlated below the SNL. Trade spectroscopy with a
Poissonian statistics. Polarization-sensitive losses in the opolarized field shows sensitivity 0.5 dB above the SNL. TrBce
tics (e.g., optics tilted to avoid Fabry-Re fringe9 or  when fluctuations of the orthogonally polarized figjareviously
sample will also reduce the measurement sensitivity. Moreliscardedl are detected and recombined with the probe field noise,
importantly, polarization dependence on the material nonlinthe sensitivity is reduced to 0.5 dB below the SNL.

eavities (e.g., x™*) under measurement can influence SUChnaIIy polarized field, which is discarded by the polarizer,

noise correlations. : . .
To examine this aspect of spectroscopy with photon_holds highly correlated information about the photon-number

: fluctuations on the field used in the measurement. If a polar-
number squeezed light, measurements are performed with. . .
i . . ' . ; Izing beam splitter is used, then the photon-number fluctua-
and without a polarizer in the probe field. Without using a

. ._ <. tions on the orthogonally polarized field may be measured.
polarizer the quantum-well laser naturally has a pOI‘ijz‘rjltlonl'his information can then be recombined with the photocur-
extinction ratio of 170:1. The spectrum in Fig(B is re-

corded using the quantum-well laser output without polanza-rent from the field that passe_d through the sample af‘d QSEd
. . I . to remove the background noise imposed by the polarization-
tion analysis. Because the sample is tilted to avoid Fabry- ,

dependent fluctuations.

Paot effects, the sample transmission is made polarization - L N
d L The polarization-dependent noise is reduced in this way
ependent, and as a result the squeezing is less than would.

be expected from the 30% sample losses alone. Given 2.1—d:1§3'n3|;2;zetu%1'2 Z')?'(eﬂii)r’nlgnvt\g'CCZ:\Z?tigizr?nsﬁl'itsterrﬁ;e’sﬁ;e_
squeezing in the incident field and 7% losses after themepnt are s?rﬁilar to tﬁose described above. When the beam
sample, one would expect that the measurement sensitivi '

would be 1.2 dB rather than the observed 1.0 dB below thttlegIOCk is removed and the attenuation in the weak orthogo-

SNL. This difference can be accounted for by the coupling Ofnally polarized field that does not pass through the sample is

polarization-dependent noise into the amplitude noise speédfil:tsggd ttr?emact)f;ritzhaetiloor?ilE]ciﬁgt?:nl sl 'qmﬂg?]%éreaaﬁ‘ ?ﬁ:msub-
trum due to the polarization dependence of the sample trangP ¢ P A N
sthot-n0|se spectrum shown in Fig.(8aceB) is observed.

mission. The magnitude of this effect depends on the angle : s )
which the sample is tilted. Because the sample index of re%lthOUQh the spectroscopic measurement in this case is per-

L .__formed with a super-Poissonian field, the sensitivity is non-
fraction is strongly frequency dependent near the optica ; ; . . o
. classical and sub-Poissonian. Of course, if the probe field is
resonances, the strength of this effect also depends on the . : ; Lo
probe frequency not required to be highly polarized, then it is still better to
; . ._work without a polarizer, as shown by the data in FiB)2
Sub-shot-noise spectroscopy is also performed usm%lmltanons to this technique include increased sensitivity to

polarization-selective techniques. When a polarizer is place : Lo .
: : C . . etector saturation, noise introduced through nonideal detec-
in the field (extinction ratio>500:1), thespectrum of trace L e )

etor guantum efficiencies, and amplifier thermal noise.

A in Fig. 3 showing the Urbach tail below the hh1 resonanc
(MQW at 28.1 K is measured. Because the polarizer couples The authors appreciate insightful discussions with Nicolas
polarization-dependent noise into the amplitude noise, th8onadeo. This work was supported by the AFOSR and
sensitivity of this measurement is, in fact, 0.5 dB above theARO. J.E. acknowledges support from the Danish Research
SNL. It is important to realize, however, that the orthogo-Academy.
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