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Abstract. A frequency tunable source of squeezed light has 
been developed which is suitable for a variety of spectro- 
scopic applications. In initial experiments continuous tun- 
ability over a range of 2 GHz has been achieved with a di- 
rectly observed nonclassical noise reduction of 6 dB relative 
to the vacuum-state limit in a balanced homodyne detector. 
A process of light-induced absorption in the nonlinear crystal 
has been identified as the principal loss mechanism which 
prevents the observation of yet larger degrees of squeez- 
ing. Although our source is potentially broadly tunable over 
the range of wavelengths from 840 to 970 nm, the current 
research centers on the performance at 852nm for spec- 
troscopy of the D2 line of atomic cesium. For frequency- 
modulated (FM) saturation spectroscopy in a vapor cell, an 
improvement of 3.1 dB in sensitivity relative to the usual 
quantum limit is demonstrated for the detection of Doppler- 
free resonances. When corrected for the thermal noise of the 
detector, the enhancement in signal-to-noise ratio brought by 
the squeezed field is 3.8 dB relative to the shot-noise limit 
set by the vacuum fluctuations of the probe field. 

PACS: 42.62.Fi, 32.80.-t, 42.50.Dv 

Contemporary with the first experiments to generate 
squeezed light have been theoretical investigations of a va- 
riety of problems related to the interaction of squeezed light 
with atoms. For example, Milburn [1] showed that the col- 
lapse time for the inversion of an atom driven by squeezed 
light is different from that of an atom driven by a coherent 
field. In a landmark paper, Gardiner [2] found that the spon- 
taneous emission from an atom embedded in a squeezed vac- 
uum is characterized by two transverse decay rates which re- 
flect the enhanced and diminished fluctuations of a squeezed 
state relative to the vacuum field. The resulting sub- and 
super-natural linewidths have subsequently made ubiquitous 

appearances of diverse problems in optical physics, includ- 
ing the spectra of resonance fluorescence [3, 4] and the pho- 
ton echoes from a sequence of coherent and squeezed pulses 
[5]. The modification of atomic level shifts by a squeezed 
vacuum has also been considered [6]. Beyond the problem 
of an atom in "free-space" illuminated by 47r sterradians of 
squeezed light, a variety of new effects have been predicted 
for atoms coupled to a resonant cavity driven by squeezed 
light. The nonclassical fluctuations of a squeezed field can 
have profound effects on the phenomenology of cavity QED 
both in the regime of strong [1,7] and of weak coupling [8], 
as well as on the behavior of lasers [9] and of bistable sys- 
tems [10]. 

In addition to fundamental alterations of atomic radiative 
processes, another potentially exciting avenue for the appli- 
cation of squeezed light in atomic physics is that of precision 
measurement. Squeezed light has already been successfully 
employed to achieve sensitivity beyond the vacuum-state (or 
shot-noise) limit in Mach-Zehnder [11] and polarization in- 
terferometers [12] and for the detection of directly encoded 
amplitude modulation [13]. The utilization of squeezed light 
for atomic and molecular spectroscopic measurements also 
holds promise for enhancements in sensitivity beyond the 
usual quantum limit [14]. 

Motivated by these and other exciting perspectives, we 
have constructed a broadly tunable source of squeezed light 
for spectroscopic applications in atomic physics [38]. In this 
paper we describe our cw source of squeezed-light which 
is based on an optical parametric oscillator operated below 
threshold. For wavelengths around 855 nm, we report ob- 
servations of quantum noise reduction of 6 dB below the 
vacuum-state limit for the photocurrent fluctuations in a bal- 
anced homodyne detector. The implementation of this source 
for FM saturation spectroscopy is described with an im- 
provement in sensitivity of 3.1 dB beyond the usual quantum 
limit [15-17] achieved for the detection of Doppler-free res- 
onances in atomic cesium. After correction is made for the 
thermal noise of the photodetection electronics, the enhance- 
ment of sensitivity in FM spectroscopy becomes 3.8 dB. 
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1 Frequency Tunable Source of Squeezed Light 

A General Considerations 

For our work a subthreshold optical parametric oscillator 
(OPO) has been developed as a frequency tunable source 
of squeezed light [18]. The spontaneous parametric fluo- 
rescence produced by degenerate down conversion into a 
subharmonic mode of the OPO leads to a squeezed field 
of zero mean amplitude emitted into the external reservoir. 
For an ideal single-sided cavity without internal losses, the 
spectrum of squeezing for the output field is defined to be 
[19-21] 

S(f2, O) = 21" f dr(: fro(t), 2o(t + r) :)e -iOr, (1) 

--(3<3 

where/" is the cavity linewidth (HWHM) and the quadrature 
phase amplitude f(o(t) of the intracavity field g is defined 
by 

Xo(t) = e-i°g(t) + ei°gt(t). (2) 
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Fig. 1. Frequency tunable source of squeezed light for wavelengths 
around 855 nm. The principal components of the system are as fol- 
lows: C1 - reference cavity for frequency stabilization of the titanium- 
sapphire laser and hence for all other fields and cavities of the system; 
C2 - external frequency doubling cavity; C3 - transfer cavity serving 
as a reference for the spatial mode of the blue pump beam; C4 - mode- 
cleaning cavity for the local oscillator beam (LO). The resonance of the 
optical parametric oscillator (OPO) is actively locked with a locking 
beam (LB). Quantum noise of the squeezed beam/!J~q is detected with 
the balanced homodyne detector formed by D1, D2 

The colons in (1) denote normal and time ordering; S is then 
such that S(f2, 0_) ---- S_ ~ - 1  for the optimally squeezed 
quadrature, while necessarily S($2, 0+) _= S+ ~ ec for an 
ideal squeezed state in the limit of large squeezing. For a 
subthreshold OPO the spectrum of squeezing is given by 
[19-21] 

4(P2/P2o) 1/2 
Sj:(~) = :k (n /r )2  (3) -}- [1 q: (P2/P20)l/2] 2' 

where/92 is the pump power of the field at 200 with P20 as 
the threshold pump power for the OPO (P2/P2o < 1). 

To measure the degree of squeezing of the output field 
from the OPO, we employ a balanced homodyne detector 
[21, 22] for which the squeezed-vacuum input is combined 
with an intense local oscillator beam at a 50/50 beamsplitter. 
As shown in Fig. 1, the two outputs from the beamsplitter 
are directed to photodetectors (D1, D2) to generate photocur- 
rents (il, i2) which are then subtracted to yield the difference 
photocurrent i_. The spectral density ~5(/2, 0) for the fluc- 
tuations of i_ is measured with a spectrum analyzer and is 
related to the spectrum of squeezing S(D, 0) by [18, 21] 

~(/2, 0) = ~0[1 + {OS(/?, 0)], (4) 

where ~0 is the spectral density for a vacuum-state input 
(S = 0). The efficiency with which the squeezed field es- 
capes from the OPO cavity is given by 0 = T A T + L )  , with 
T as the transmission of the OPO output coupler mirror M1 
and L as all other intracavity losses. The efficiency factor 

= ffO~7"] 2 includes ~ as the propagation efficiency from the 
OPO output to the balanced detector, c~ as the detector quan- 
tum efficiency, and 7] as the homodyne efficiency describing 
the spatial overlap of the mode of the local oscillator field 
with that of the squeezed-vacuum field. Measurement of the 
ratio ~(/2, 0)/~b0 together with the individual efficiency fac- 
tors allows us to infer S(f2, 0) for the OPO. 

B Experimental Configuration 

A schematic diagram of our source of tunable squeezed light 
is shown in Fig. 1. A single-frequency titanium-sapphire 
laser serves as the primary source, with the frequency of the 
laser locked to a stable reference cavity C1 via a standard 
FM-sideband technique [23]. For this purpose an electrooptic 
modulator (EOM) encodes FM sidebands on the laser output 
at a frequency of 27 MHz. The rms linewidth of the locked 
laser is measured to be about 30 kHz. 90% of the laser output 
at frequency co is directed to a frequency-doubling cavity C2 
to generate a blue pumping beam at 2w for the OPO. The 
doubling cavity contains a potassium niobate (KNbO3) crys- 
tal as the nonlinear element and is frequency locked to the 
incident laser with the help of the same 27 MHz sidebands. 
For an input pump of 1.35 W at co, this system is capable of 
producing 650 mW of cw tunable light around 427 nm [24]. 

In the design of the OPO cavity, we have attempted 
to achieve both frequency tunability and a large degree of 
squeezing. Since a scheme for which both the pump field 
and the down converted field are simultaneously resonant in 
the OPO is tightly constrained by the requirements of sat- 
isfying boundary conditions on the mirrors as well as the 
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generally incommensurate phase-matching conditions inside 
the crystal [18, 25], we have chosen to have only the down- 
converted field resonant and to use the pump in a single-pass 
configuration. Having made this choice, we are then obliged 
to use a ring cavity to maximize squeezing given the fact 
that crystal losses are the dominate losses in our cavity. This 
is clear since the degree of squeezing of the external field is 
limited to a value Sext = ~S (with S as the squeezing spec- 
trum for an ideal single-sided cavity [19-21] and Sext as the 
spectrum for a cavity with nonzero internal losses). For a 
cavity with the nonlinear crystal as the major source of dis- 
sipation, the round trip losses for a ring cavity are two times 
smaller than for a standing-wave cavity and hence (1 - 6) is 
approximately 2 times smaller for the ring for a given value 
of T. 

The actual OPO cavity is a four-mirror folded cavity 
with two curved (MI, M2) and two plain (M3, M4) mir- 
rors (Fig. 1). To minimize astigmatism, we chose a geometry 
with the smallest folding angle (3 degrees) allowed by the 
dimensions of the crystal and the mirror radii. Calculated 
astigmatism in this case is negligible provided the cavity 
is operated around the middle of the stability range. The 
nonlinear medium at the waist between mirrors (M1,M2) 
is an a-cut potassium niobate crystal of 10mm length. For 
down conversion to wavelengths around 855 nm, potassium 
niobate can be temperature tuned and noncritically phase- 
matched with a temperature width for fixed frequency of 
about 0.3K (FWHM) for our 10 mm crystal. The crystal was 
mounted on a Peltier cooler as the active element in a tem- 
perature controller to provide temperature stability of a few 
mK. 

A considerable effort has been invested to minimize IR 
losses in the OPO cavity. Low-loss AR coatings for the 
crystal surfaces [26] and the mirrors [27] together with the 
high quality of the crystal itself [28] resulted in total round- 
trip passive cavity loss of L = 3 x 10 -3 (excluding the 
output coupler transmission and the nonlinear light-induced 
losses described in Sect. C below). The choices for the radii 
of curvature of the fold mirrors and for the total cavity 
length are determined as a trade-off between the require- 
ments on the one hand for optimum beam waist in the 
crystal and for the smallest possible cavity length I (for 
large squeezing bandwidth suitable for spectroscopy) and 
on the other hand the need to keep the folding angle 0 as 
small as possible to minimize various beam aberrations. Our 
choices are that (M1,M2) are of radii /~ = 50ram. The 
total cavity length 1 = 0.5 m and the waist in the crystal 
w0 = 20 gin. The single-pass nonlinear conversion coeffi- 
cient ENL ~ P43o/P~6o is measured directly for our cavity 
geometry by replacing the output coupler M1 with a trans- 
parent (AR coated) substrate of the same curvature and di- 
mensions; we find /~NL = 0.016W -I .  This value of ENL 
together with the transmission T = 0.105 for the output 
coupler M1 and the total loss L = 3 x 10 .3 allows us to 
calculate the expected threshold pump power P20 for the 
OPO as [18,29] 

(T + L) 2 
P20 - 4 E N ~  -~ 0 .18W. (5) 

For efficient pumping of the OPO, the blue beam generated 
in the doubling cavity C2 has to be precisely modematched 
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to the spatial mode of the OPO cavity. Unfortunately there is 
no straightforward means to accomplish this in a singly res- 
onant OPO because the mirrors (MI-M4) are largely trans- 
parent to the blue pump and do not define a spatially over- 
lapping cavity mode for the pump beam. To achieve good 
modematching, we use the following trick. A beam at the 
infrared wavelength (not shown in Fig. 1) is injected through 
the mirror M1 (the output coupler of the OPO) in a direc- 
tion counterpropagating to the sense of circulation drawn in 
Fig. 1. This injected IR beam is modematched to the OPO 
cavity and generates a second (reference) blue beam in a di- 
rection opposite to the usual blue pump beam. This reference 
blue beam provides a faithful representation of the OPO cav- 
ity mode and is itself then modematched to the TEM00 mode 
of the transfer cavity C3 (but in a counter-circulating direc- 
tion). With both the pump beam from the doubling cavity 
C2 and the reference beam from the OPO cavity efficiently 
matched to C3, we are ensured that the pump beam is in 
turn spatially matched to the OPO waist. The injected IR 
beam which generates the reference beam is then blocked 
as are the mirrors of C3, which consequently no longer acts 
as a resonant cavity but instead dh'ectly passes the pump 
beam from the doubling cavity (with a small loss of 2% in- 
troduced by the beam splitter which otherwise serves as the 
input coupler to C3). 

For cw operation, the OPO cavity length is locked rel- 
ative to the primary laser frequency cJ so that a TEM00 
longitudinal mode is resonant with the degenerate downcon- 
verted photons generated by the blue pump at frequency 2cu. 
In order to avoid interference of the locking light with the 
squeezed-vacuum field, the cavity length is locked by em- 
ploying a counter-propagating and frequency-shifted locking 
beam LB, which is injected into the OPO cavity through M3 
with an error signal derived in reflection at detector DB as 
shown in Fig. h The frequency shift 6w = - 1 7 0 M H z  for 
the locking beam is provided by an acoustooptic modulator 
(AOM) and is chosen equal to the transverse-mode spacing 
of the cavity. The locking beam is intentionally misaligned 
to maximize the transmission of the TEM10 mode adjacent 
to the TEM00 mode. Hence, when the resonance condition 
for the frequency-shifted transverse mode is satisfied, the 
principal unshifted TEM00 mode is likewise on resonance 
for the downconverted field at c~. On the other hand, the 
locking beam LB is both counter-circulating in the OPO 
and frequency shifted by 170MHz from the frequency of 
the degenerate squeezed field and therefore has no appre- 
ciable deleterious effects (Note that the conjugate idler field 
that might be generated at - & o  is not coincident with any 
resonant mode of the OPO cavity). 

C Light-Induced Absorption 

Unfortunately while studying the OPO with KNbO3, we 
have discovered a nonlinear mechanism that substantially 
increases the IR losses above the level of the passive linear 
losses of the crystal [30]. This effect is observed at tem- 
peratures far away from the phasematching conditions and 
is independent of the direction of propagation of the blue 
beam relative to the IR beam (parallel or antiparallel), so 
that it cannot be explained in terms of phase-matched non- 
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linear frequency conversion. To explore this phenomenon 
further, we measure the transmission and reflection of an 
IR beam injected into the OPO as a function of the blue 
pump power passing through the KNbO3 crystal (and mode 
matched to the IR shape). The cavity is scanned through 
resonance and intracavity losses are then calculated from (i) 
the measured peak transmission and (ii) the depth of the res- 
onance dip in the intensity of the reflected light. The results 
for the light-induced losses calculated from the transmission 
and reflection measurements are presented in Fig. 2 (traces 
(i) and (ii)). To explain the discrepancy between the two 
curves, we assume that in addition to the light-induced ab- 
sorption, the tightly focussed blue beam also forms a thermal 
lens in the crystal which leads to reduced modematching ef- 
ficiency for the injected IR beam. Expanding the incident 
field Ein in terms of the cavity transverse modes Unto, 

Ein = E anmUnm, (6) 
7"tim 

we have that the intensities of the transmitted (It) and re- 
flected (Ir) fields are given by 

4TT3 a2 ° (7a) 
It ----- (T + L) ~ 

4TL a~o, (7b) 
Ir =/ in  (T + L) 2 

where we assume that the TEMo0 mode is resonant and that 
L is the total intracavity loss. In (7), the injected beam is 
taken to be incident through the coupler MI with transmis- 
sion T. The field transmitted by the cavity to give the in- 
tensity It is detected as the output through a high reflector 
M3 with transmission 7"3 << T, while the field reflected by 
the cavity mirror M1 results in the intensity Ir. Suppose that 
without the blue pump Ein is perfectly modematched to the 
TEM00 cavity mode (a00 = 1), while in the presence of the 
blue beam a00 < 1 due both to a thermal lens effect and to 
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Fig. 2. Light-induced absorption L(P2) for potassium niobate crystal of 
length 10 mm vs power P2 of the blue pump beam. The curves (i)-(iv) 
are calculated losses from measurements of (i) cavity transmission, (ii) 
cavity reflection, (iii) transmission and reflection self-consistently ana- 
lyzed, and (iv) temperature rise in the presence of IR and blue beams. 
For Pz = 0, the waist in the crystal for the IR beam is approximately 
20gm, while that of the blue beam is about 14gm 

a nonlinear loss term which takes L ~ L(P2) + L. A self- 
consistent expression for light-induced absorption L(P2) can 
be derived from (7a, 7b) to give 

[ f t  fin - -  [ r ( V 2 ) ]  
L(P2) = L ~(P2) I~ - -~[  J '  (8) 

with x~ t and Jr(P2) as the transmitted and reflected inten- 
sities on resonance in the presence of the blue pump of 
power P2. The losses calculated from (8) are also plotted in 
Fig. 2 (trace (iii)) and are seen to lie intermediate between 
the losses inferred from transmission (i) (from (7a) alone) 
and reflection (ii) (from (7b) alone), indicating the qualitative 
importance of thermal lensing (and consequent degradation 
of mode matching). 

An alternate confirmation of the existence of light- 
induced absorption is obtained from laser calorimetry mea- 
surements. A temperature sensor is placed on the copper 
housing which supports the crystal; the sensor is separated 
from the crystal by a 1 mm thick copper plate. The OPO 
cavity is illuminated by 110 mW of IR through mirror M1 
to buildup a large field inside the resonator, which is itself 
locked to the laser frequency for cw operation. Under these 
conditions, the temperature change due to absorption of the 
circulating IR power through the crystal is 5T = 0.18 ° C. 
Next ST(P2) in the presence of the blue pump is measured, 
where fiT(P2) is the temperature change exclusively due to 
IR absorption corrected for the temperature change due to 
simple absorption of the blue itself. Assuming the tempera- 
ture change at the sensor is proportional to the increased bulk 
absorption at the IR wavelength, we find that the nonlinear 
loss is given by L(P2) = Lo[ST(P2) /ST-  1], where the bulk 
crystal loss (exclusive of AR coatings) L0 = 0.2% has been 
measured separately. The values of L(P2) vs P2 determined 
in this fashion as also shown in Fig. 2 (curve (iv)), where it 
is clear that the results of calorimetry (iv) are substantially 
different from those calculated from transmission/reflection 
measurements (iii). Both the calorimetry and the transmis- 
sion/reflection measurements have certain systematic errors, 
with the most obvious error for the calorimetry being that the 
temperatures are not measured directly in the crystal. While 
the measurements in Fig. 2 are for A = 847 nm, we have 
also made measurements around 870nm with no substan- 
tial difference in the results for the light-induced absorption. 
Note that the blue pump for these measurements is generated 
with a wavelength that is half the IR wavelength. Heating 
the crystal from 15 ° C to 60 ° C does not notably change the 
results in Fig. 2. 

With regard to our squeezing experiment, the blue light 
induced losses degrade the efficiency with which squeezed 
fluctuations escape the cavity and are detected. Although the 
passive losses of our OPO cavity imply a loss-limited de- 
gree of squeezing Sex t = - ~ o  = -0 .972( -15 .6  dB), unfor- 

T 
tunately we must generalize ~ ~ 8(P2) - 

T + L(P2) -4- L" 
For 100mW of blue pump focussed to a spot of waist Wbl 
=~ 14 gin, we find for the actual squeezing measurements 
in the following section that L(P2) ~ 0.011, and hence 
O(P2) ~ 0.875. Here we choose L(P2) as given by curve 
(i) in Fig. 2 from the transmission data, which roughly in- 
corporates both the losses in efficiency due to absorption and 
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due to decreased modematching efficiency (which presum- 
ably impacts the homodyne efficiency). Although we are 
evaluating other crystals grown under a variety of condi- 
tions, the blue light induced IR absorption currently sets the 
major limitation on the degree of squeezing obtained in our 
experiment. 

D Obselwation of Frequency Tunable Squeezed Light 

Combining the results from the previous discussions, we ob- 
tain a simple theoretical expression for the expected degree 
of observed nonclassical noise reduction. Specifically, the 
ratio R(J2, 0_) -- ~5(f2, 0_)/q50 is found from (3, 4) to be 

4r 1/2 
/~(f2, 0) = 1 -- ~ if2 q_ (1 + 7"1/2)2] ' (9) 

where r = P2/P2o is the dimensionless measure of the pump 
strength below threshold (0 <_ r < 1) and f -- f2 / I  1 is the 
dimensionless frequency offset in units of the cavity half- 
linewidth F(Pz)/27r - (c / l ) [T + L(P2) + L]/47r with l 
as the optical length of the cavity. The efficiency factor 

~ ~OLT] 2 = 0.96 with ~ = 0.98 as the measured prop- 
agation efficiency, ~ = 1.00 :k 0.02 = 1.00 as the mea- 
sured quantum efficiency of the photodiodes (D1, D2) and 
z/ = 0.99 as the measured homodyne efficiency. Note that 
the LO beam passes through the mode cleaning cavity C4 to 
increase ~/ (Fig. 1). The cavity C4 with 0.5 MHz linewidth 
(HWHM) also serves to reduce the excess amplitude noise of 
the LO at high frequencies. The spectral density of the pho- 
tocurrent fluctuations ~(f2, 0) is measured at the frequency 
f2/27r ----- 1.4 MHz which is chosen to be high enough to be 
largely beyond the extreme technical noise of the Ti : A1203 
laser but which is low enough not to lose too much squeezing 
because of the finite squeezing bandwidth. Since the losses 
]L(P2) + L] depend on the pump power P2 because of the 
light-induced loss L(P2), there is some optimum level of 
P2 corresponding to maximum squeezing. Having measured 
the functional dependence L(P2), we find that the optimum 
pumping power is about P2 =~ 100 roW, so that r ~ 0.4 and 
f ~ 0.25. Substituting these various terms into (9), we find 
that/~(0_) --- 0.22(-6.6 dB). Note that the observed thresh- 
old power P20 is higher than that predicted by (5) because 
of the light-induced losses and the imperfect modematching 
of the pumping beam. 

Although in the current experiment the OPO is operated 
below threshold, it is worth nothing that our OPO design 
is characterized by exceptional stability of operation above 
threshold. With the cavity length of the OPO stabilized as 
described in Sect. 1.2, we have obtained 100 mW of stable 
cw down-converted radiation for above threshold operation 
with 250 mW of blue pump in a cavity with output cou- 
pler M1 of transmission T = 0.05. The estimate based on 
(5) shows that we can expect the threshold of ,.o 1 mW for 
T ~ 0.5%. 

To observe squeezed-state generation for operation be- 
low threshold, we record the spectral density of photocur- 
rent fluctuations ~(f2, 0) for the photocurrent i_ for fixed 
RF analysis frequency ~ and varying phase 0 (proportional 
to time) between the local oscillator beam from cavity C4 

and the squeezed-vacuum field from the OPO (Fig. 1). Fig- 
ure 3 displays a trace obtained in this fashion (trace (i)) 
with phase-sensitive fluctuations both above and below the 
vacuum-state level ~0 (trace (ii)). Also shown in the fig- 
ure is a trace (iii) taken with the phase offset between the 
local oscillator and the squeezed beam actively servo con- 
trolled for minimum photocurrent fluctuations (0 = 0_). For 
these measurements, ~0 is determined with an accuracy of 
+ 0.2 dB, with the uncertainty largely due to drifts of the 
dc power level of the (unstabilized) local oscillator. The 
amplitude noise spectrum of the local oscillator field for a 
power level of 0.5 mW at either detector (D1, D2) has ex- 
cess noise above the coherent-state limit of about 9 dB for 
f2/27r = 1.4MHz. The balanced homodyne detector sup- 
presses this excess noise by about 34 dB. The directly ob- 
served noise level (iii) in Fig. 3 lies -(6.04-0.3) dB below the 
vacuum-state limit set by ~0 corresponding to a nonclassical 
noise level R(O_) = 0.25 < 1. This result is in reasonable 
agreement with our theoretical estimate of R(O_) = 0.22. 
The level ~P0 lies 20 dB above the thermal noise level of the 
photodetector electronics [36], 

An important point to note is that squeezing traces such as 
presented in Fig. 3 remain unchanged as the reference cavity 
C1 (and hence the laser frequency and the doubling-cavity 
resonance and the OPO output field) is scanned continu- 
ously over a range of 2 GHz, making this source practical 
for spectroscopic applications. With the entire system locked 
in this fashion, stable cw squeezing can be generated in an 
uninterrupted fashion for long intervals (,-~ 1 h). 

2 Atomic Spectroscopy with Squeezed Light 

A Theoretical Background 

The source of squeezed light described in the previous 
section provides substantial quantum noise reduction in 
the spectral components of the photocurrent around 
1.4-3.0MHz. This frequency interval is chosen since it is 
close to the optimum for the modulation frequency of 
f20/27r ~ 5 MHz in FM spectroscopy of the D2 line of 
Cs (of linewidth 5 MHz (FWHM)); the resonant response 
of our tuned photodetector electronics has been optimized 
here. As a consequence of the nonclassical noise reduc- 
tion, a spectroscopic signal encoded in this frequency region 
should be detectable with sensitivity below the usual shot- 
noise limit. However, before addressing this issue, let us 
first describe the conventional spectroscopic method of FM 
saturation spectroscopy which is known to be capable of 
providing shot-noise limited spectroscopic signals [15-17]. 
A broad outline of this technique is shown in Fig. 4a, where a 
probe beam passes through an electrooptic modulator (EOM) 
to yield a frequency modulated field Ep = A0 exp[- i (wt  + 
/3sinf20t)] + c.c., where /3 is the modulation index for the 
sinusoidual modulation at S20 and IA012 ~ photons/s. This 
field is shown in a phasor diagram in Fig. 4b(i) where the 
rotating frame is that of the carrier at frequency w. The field 
components E:~ (with IE±I =/3A0/2)  are shifted from the 
carrier by 4-f2 0 and hence rotate in opposite directions to 
yield a sum field E orthogonal to the carrier A0 [pure fre- 
quency modulation (FM)]. If there is no frequency selective 
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Fig. 3. Spectral density ~(~,  0) for the fluctuations of the photocurrent 
i (Fig. 1). Trace (i) is for a squeezed-vacuum input to the balanced 
detector with the local oscillator phase 0 swept with a linear ramp. 
Trace (ii) is a ten-trace for a vacuum-state input and sets the "shot- 
noise" level. Trace (iii) is likewise an average of ten traces, but is 
acquired with a squeezed-vacuum input with the phase 0 actively con- 
trolled for minimum photocurrent fluctuations (That is, 0 = 0_ for this 
trace). Acquisition parameters are O/27r = 1.4 MHz detection band- 
width = 100kHz, video bandwidth = l kHz, (trace (i)), = 100Hz 
(traces (ii) and (iii)), sweep time for trace (i) = 15 ms, local oscillator 
power = 0.5 roW, wavelength = 856nm 

absorption/dispersion in the path of  the probe beam as in 
Fig. 4b(ii) (or no imbalance from the intervening medium), 
a square-law detector produces zero modulation in the pho- 
tocurrent at /20 because Ep remains a field with FM only. 
However,  a narrow atomic resonance can introduce differ- 
ential absorption/dispersion between the sidebands and the 
carrier, thus converting a fraction o f  the FM field into an A M  
field, which is then detected to produce a modulated pho- 
tocurrent at f20. This effect is illustrated in Fig. 4b(iii), where 
the result of a frequency-selective response for the medium 
is to make the sum of E+ and/?7_ no longer orthogonal to 
A0, so that there arises a component of amplitude modula- 
tion. As illustrated in Fig. 4b(iv), the detected modulation in 
the photocurrent at frequency g2o depends upon the detuning 
of the carrier frequency co from the atomic resonance coo. 

For a more quantitative analysis we employ the theory 
of [16] to calculate the spectroscopic signal for the case of  
both probe and pump beams as coherent-state fields. In the 
limit of  small modulation index (/3 << 1), the electric field 
of  the probe beam emerging from the EOM is 

R 
Ep = A0{exp(- ia~t)  - 2 e x p [ - i ( w  - D0)t] 

+ ~ exp[- i (co + D0)t]} + c.c. .  (10) 

Assuming an atomic vapor which is optically thin, the 
transmission factors for the cartier and the sidebands t(co) = 
g ~ 0  exp(-i~bo) and t+(co) = v ~ e x p [ - ( ~  + i~b±)] can be 
expanded to first order to yield a mean signal photocurrent 
given by 

(is(t)} = ealAo[2To[1 + (& -6+)/3cosf2ot 
+ (¢+ + ¢_ - 2¢0)/3 sinf?0t], (11) 

with a as the quantum efficiency of  the photodetector D 
for the probe beam (Fig. 4a). The rms signal photocurrent 
measured by a (phase insensitive) spectrum analyzer around 
the modulation frequency f20 is then 

is(g?o) = eafl[AoI2To[(~+ - ~_)2 

-F (~+ -F ~5_ - 2~o)211/2/v/2 

=-- ec~/31Aol2To,~ / v'2, (12) 
where the last equality defines the atomic response function 
A, which of  course depends on the detuning of  the carrier 
frequency co relative to the atomic resonance coo through the 
dependence of the factors [5:k, ¢~,  q~0] on ( c o -  coo). Note 
that we assume throughout detection of  the modulus of  the 
atomic response A rather than of  the individual RF quadra- 
tures for absorption (cosf20t) and dispersion (sinf20t). 

As pointed out in [16], a complete density matrix de- 
scription for the frequency dependence of  (6, ¢) in satura- 
tion spectroscopy is quite complex [31]. A much simpler 
rate equation approach yields qualitatively similar results 

Probe ~ ' ~ - ~  ~ i  
beam 

g2 o 

(a) 
Saturating beam 

E E+ 

/ ~ 0  (i) ~ ~ / ~ 0  (iii) 

ReE ReE 
Ao 

E_ 
c°-f20 (b) 

Fig. 4a, b. Outline of FM saturation spectroscopy method, a A probe 
beam is frequency modulated by the electrooptic modulator (EOM) and 
passes through a cell filled with atomic vapor and excited by a strong 
counterpropagating saturating beam. The spectral density k~((20) of the 
resulting photocurrent i around the modulation frequency f20 is mea- 
sured by a spectrum analyzer (SA). b (i) A phasor diagram at the cartier 
frequency co shows frequency sidebands E+ and E frequency shifted 
with respect to the coherent carrier amplitude A0 by :kf20. E± are 
generated when the probe beam passes through the EOM and sum to 
give the modulation field E. (ii) Prior to passing through the cell, E is 
shifted in phase by 90 ° with regard to the carrier (pure FM sidebands). 
(iii) The narrow saturated atomic resonance causes differential absorp- 
tion/dispersion of E+ and E_ resulting in an imbalance of E± and in 
a phase shift of the modulation field E. (iv) FM is partially converted 
into AM to produce a coherent modulation at/2o in the photocurrent 
at D 
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that will suffice for our present purposes. We proceed by 
first writing 6 = 6L + ~NL as a sum of a linear Doppler back- 
ground term 6L and of a nonlinear term ~NL due to effects 
of a counter-propagating saturating beam. Here ~L is given 
by [16] 

[ 5L(co ) = --~-(1 ~- Sp) - l /2exp -- k , ~ J  ' (13) 

with Sp as the saturation parameter for the probe beam, ku 
as the Doppler width (with k =- co/c and u as the mean 
thermal speed), d as the sample length, and C~p as the peak 
absorption coefficient. ~ also includes a narrow saturated 
resonance described by ~NL which emerges from a velocity 
resolved peak in the excited state population. As in [16], we 
find 

~NL(~) 
apd 

x ~, ~ - - ~  )Ss , (14) 

[ ( "V/I q- SP 2 ~ )  2 q- (CO -- 600)2T21 

with Ss as the saturation parameter for the saturating beam 
and T2 as the transverse relaxation time for the atomic 
medium. For the simple case of a single two-state transition, 
6L and 6yi~ are centered about the same frequency coo. How- 
ever, for the particular case of the 62S1/2 --+ 62/93/2 transi- 
tion in atomic cesium (D2 line at 852 nm) that we employ, 
there are a variety of hyperfine transitions that sum with dif- 
ferent transition frequencies and weights to produce the ac- 
tual Doppler-broadened linear absorption profile 6L(co). Dis- 
tributed across this profile are the narrow-Doppler free reso- 
nances, whose actual form can depend sensitively on factors 
such as the relative polarizations of pump and probe beams. 
For maximum simplicity and clarity in our proof-of-principle 
experiment, we will concentrate on the F = 4 -+ U = 5 
transition of the D2 line, which is close to the center of the 
Doppler profile. 

In a fashion similar to the derivation leading to (13) and 
(14) for (rL, 6NL), one can derive expressions for the depen- 
dence of the phase q5 on laser frequency co. The nonlinear 
part of the dispersive response is found to be [16] 

0NL((,O) 

(co_co0)2] 
-- ~- e x p [ - \ ~ U - - - - u  j J 

& 
l v / g T K s  (co - co0) :r2 

x 

+ (co - co0)2 

(15) 

Upon substituting (15) and (14) into (12), we find the signal 
photocurrent is(D0) vs co which (as we will see) has a char- 
acteristic "M"-shape as a function of the carrier frequency 
co of the probe beam [16, 17]. 

Calculation of the saturation parameter S - I/Io for a 
multilevel system is not a trivial problem. For a two-state 
system the saturation intensity I0 is determined by the fol- 
lowing expression: 

hwo 
I0 -- 2~rr' (16) 

with ~r = 3)~2  as the absorption cross-section and r as the 

excited state lifetime. In the case of the D2 line of cesium, 
each hyperfine transition is degenerate with regard to mag- 
netic quantum number, so that I0 is polarization dependent. 
The process of optical pumping makes the issue of the calcu- 

lation of I0 even more complex. The ratio &/Sp - pp w2 

is known from the experiment with P as the power and 
co as the waist of the probe (p) and saturation (s) beams. 
With this ratio fixed, we treat I0 as a free parameter in 
our least square fitting of the experimental spectroscopic 
traces. The value of I0 that we find from this procedure is 
about 1.7 mW/cm 2, which is in qualitative agreement with 
the value 1.04mW/cm 2 that one obtains from (16). Other 
free parameters in our fits to the FM spectra are the peak 
absorption OZpd and an additive constant emerging from ap- 
proximating the broad linear contribution of the Doppler 
background to 6L and qSL as a simple offset. 

For spectroscopy with the probe beam in a coherent state, 
the noise against which the signal photocurrent is(D) must 
be detected is given by the shot-noise photocurrent [14-17, 
21] 

-2 2e2o~TolAol2B, (17) ~n 

with B as the detection bandwidth. From (12) and (17) we 
thus arrive at a signal-to-noise ratio for measurements lim- 
ited by the vacuum fluctuations of a coherent state given 
by 

"2 
~s = NA2/2, (18) Qv-  

where N = OeTofl2lAo[2/2B is the number of photoelec- 
trons generated in a time B -1 as a result of the photon flux 
for the FM sidebands of the probe beam. For Qv = 1, the 
minimum detectable atomic response is then Av = 2 / v ~ ,  
which is the usual quantum limit set by the vacuum fluctu- 
ations of the field. Note that the factor v ~  appears because 
we have assumed phase insensitive detection of the two RF 
quadratures at D0. 

If we next consider the case of a squeezed probe field 
with [Ao[ 2 >> f df2S(f2, 0+) (i.e., small squeezed fluctua- 
tions as compared to the energy of the mean field), then 
the principal effect associated with the presence of squeez- 

"2 ing is the alteration of the noise current from ~n to a value 
isaq(D0, 0) = i211 + ~'oS(Do, 0)], where ~' = T0~ [14, 21]. 
Since is is unchanged in this limit (with again/3 << 1), the 
signal-to-noise ratio becomes Osq = Qv[1 + ~'QS(D0, 0)] -1, 
with corresponding minimum detectable response Asq = 
Av[1 + ~'0S(D0, 0)] 1/2. For efficient propagation and de- 
tection with ~' -+ To ~ 1 and for large squeezing with 
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gS(Oo, 0_) ~ -1, there is thus an enhancement E in signal- 
to-noise ratio 

E - Qsq(0-) ~ (1 - To) -1 >> l, (19) 
Qv 

and a reduction in the minimum detectable response Asq(0_)/ 
Av ~ ( l - T 0 )  1/2 << 1. In our experiment 1 + ~ g S _  
0.35. Hence we might expect an enhancement in signal-to- 
noise ratio E ~ 3.0(4.6 dB) and a reduction of the minimum 

Asq(0-) 
detectable response to -~ 0.6. 

Av 
Although our discussion assumes that the improvements 

in sensitivity are limited by the system losses, there will 
of course be a limit imposed in principle as the degree of 
squeezing becomes large (]A012 N f df2S(~Q, 0+)). Precisely 
as in the classic work of Caves [33], a maximum enhance- 
ment in sensitivity will be reached when the fluctuations 
from the noisy unsqueezed quadrature begin to contaminate 
the measurement of the quiet quadrature (assuming of course 
that the system has sufficiently low losses). However, even 
in the loss-limited case, new behavior can emerge since the 
noise floor will not be constant as the laser frequency w is 
swept, but instead will itself be a function of laser detuning 
as the losses (and hence the degree of detectable squeez- 
ing) and the phase shifts (and hence the observed squeezing 
quadrature) vary across the atomic profile. 

(AOM) is placed in the saturating beam and shifts its fre- 
quency by - 4 0  MHz to eliminate interference between the 
probe beam and scattering from the saturating beam. The 
laser is tuned to a wavelength of 852.36 nm corresponding 
to the 6S1/2 ~ 6/93/2 line of atomic Cs. As previously men- 
tioned, we focus attention on the particular hyperfine tran- 
sition F = 4  ~ F I = 5 (insert in Fig. 5). Minimization of 
residual AM [34, 35] is facilitated with polarizer P2 as well 
as by very careful alignment and large detection bandwidth. 
The reference cavity C1 (Fig. l) which determines the fre- 
quency for the titanium-sapphire laser (and hence for the 
entire setup) is scanned around the 4 ~ 5 resonance by way 
of a PZT mounted mirror. The analysis frequency of the 
spectrum analyzer coincides with the coherent modulation 
frequency f20. In order to use a more powerful probe beam 
to overcome electronics noise in the detectors while at the 
same time avoiding oversaturation of the atomic medium, 
the probe beam is expanded by a telescope to have a waist 
of 1.5 mm. The saturating beam has a waist of 3.2 mm (and 
a total power of 1.5 mW) and is aligned antiparallel to the 
probe beam. The power of the probe beam after transmis- 
sion through the reflector M2 is 130gW and is chosen to 
be as high as possible for best sensitivity consistent with 
"reasonable" lineshapes of the form described by (14, 15). 

Turning to the spectroscopy results, we first display in 
Fig. 6 the spectral density ~(~20) for the photocurrent i 
(Fig. 5) vs laser detuning u -- co/27r. The FM spectroscopic 
signal is taken for a coherent probe with high optical den- 

B Squeezed-Light Spectroscopy Experiment 

The experimental setup for employing squeezed light in 
atomic saturation spectroscopy is shown in Fig. 5. A beam 
in a squeezed-vacuum state is generated by the OPO as de- 
scribed in Sect. 1. A fraction of the local oscillator beam 
emerging from the cavity C4 (Fig. 1) now serves as the probe 
beam. The squeezed vacuum is combined with the coherent 
probe beam at the mirror M2 in Fig. 5; the reflectivity for 
the squeezed beam is 98.5%. The degree of squeezing is of 
course degraded by the additional 1.5% loss; however, this 
is of small consequence given the other losses in the current 
setup. If the probe beam is shot-noise limited around the fre- 
quency S20 of interest, then the quantum-noise reduction for 
the photocurrent i of the single detector D in Fig. 5 is again 
described by (4), where now 0 refers to the phase angle 
between the coherent amplitude of the probe beam and the 
axis of the squeezing ellipse for the field from the OPO and 
where we denote k~ as the spectral density for the photocur- 
rent i. We should emphasize that although there is a loss of 
probe power at M2 due to its high reflectivity, there is not 
a corresponding degradation in signal-to-noise ratio for FM 
spectroscopy since in fact atomic saturation is the ultimate 
arbitrator for the allowed intensity (and hence power for a 
given beam waist) for the probe beam. 

With the squeezed-vacuum beam blocked, the setup 
shown in Fig. 5 is the usual setup for "classical" FM spec- 
troscopy [15-17, 32]. The electrooptic modulation (EOM) 
provides frequency modulation of the probe beam at 
X20/27r = 2.7MHz.' The polarizers (P1, P2) in the figure 
are used to decouple the probe and saturating beams, which 
have orthogonal polarizations. An acoustooptic modulator 
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Fig. 5. Experimental setup for FM spectroscopy with squeezed light. 
The entire setup is basically the same as in Fig. 1 with the exception of 
the part shown here. The 50/50 beamsplitter for the balanced homodyne 
detector in Fig. 1 is replaced by a mirror M2 with reflectivity _R = 
98.5%. The local oscillator shown in Fig. 1 now serves as a probe 
beam and has FM sidebands encoded with the EOM. The probe beam 
is combined with the squeezed-vacuum field from the OPO at M2 and 
then passes through a cesium cell at Brewster angle with an absorption 
path length of 17 ram. A counterpropagating and orthogonally polarized 
saturating beam is frequency shifted by - 4 0  MHz with respect to the 
probe frequency. Coherent modulation at Do (the "signal") as well as 
the quantum fluctuations of the probe beam (the "noise") are detected 
at D, appear in the photocurrent i, and are analyzed by the spectrum 
analyzer (SA) to determine the spectral density k~(f20) 
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Fig. 6. Spectral density ~P(f2o) vs probe frequency u = a~/2zr for the 
case of a coherent-state probe beam. These traces are taken for high 
optical density and illustrate (i) the linear Doppler background obtained 
with saturating beam blocked and (ii) the FM saturation spectroscopy 
signal in the presence of the saturating beam. The various sub-Doppler 
resonance features are labeled with reference to the hyperfine compo- 
nents of the ground and excited states of the D2 line of atomic cesium 

sity of CS vapor to demonstrate the characteristic features of 
the spectrum with high signal-to-noise ratio. Trace (i) rep- 
resents the linear Doppler signal at g?0 obtained with the 
saturation beam blocked. With the saturation beam present 
(trace ii), each resonance in the atomic response produces a 
narrow, roughly "M"-shape feature in the FM spectroscopy 
signal (see below). In fact, trace (i) is the central part of the 
broad "M" corresponding to the broad Doppler profile cen- 
tered around 260 MHz on the horizontal axis (the frequency 
origin for the scan is arbitrary). In trace (ii) each of the hy- 
perfine transitions 4 --, 5, 4 --+ 4 and 4 --e 3 produces a 
narrow feature (only 4 ~ 4 and 4 --~ 5 are shown in Fig. 6). 
Additionally, there are crossover resonances situated half the 
distance between each pair of the hyperfine resonances [32]. 
The reason that the narrow Doppler-free resonances (except 
for the 4 --+ 5 transition) are so asymmetric is that there is 
appreciable interference from the Doppler background. The 
4 --~ 5 resonance is reasonable symmetric because it lies 
closest to the central minimum of the Doppler profile; in 
fact, the sign of the 40 MHz frequency shift of the satura- 
tion beam has been chosen for this very reason. 

After these measurements with relatively high cesium 
density (3 x 10m/cm 3) are completed, the Cs cell is next 
cooled from room temperature down to about 0°C  to pass 
to a regime of small signal-to-noise ratio for coherent-state 
FM spectroscopy. We concentrate on the 4 --+ 5 transition 
and decrease the scanning range to 50 MHz. The resulting 
FM spectrum with the squeezed-vacuum input to mirror M2 
in Fig. 5 blocked is shown in Fig. 7a, where the solid curve 
is from the sum [i~(12, 14, 15) + i~(17)] with the center fre- 
quency chosen for best fit and a small offset added to account 
for the Doppler background. This theory is not quantitatively 
correct for our measurements since it is developed for a two- 
state atom with f20 >> 1/T2 in a rate-equation approxima- 
tion. However, the qualitative character of the lineshapes is 
nonetheless sufficient for our discussion (as indicated by the 
quality of the fit in the figure) especially since the domain 
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Fig. 7a,b. Spectral density fit(g?0, v) for the probe photocurrent i at Y20 
vs laser frequency u = aJ/2zr in the absence and presence of squeezed 
light, a Squeezed beam Esblocked to illustrate the usual vacuum-state 
limit for FM spectroscopy. The points • are taken with /3 = 0 (no 
modulation) and set the shot-noise level ~P0, while the points • are 
acquired with /3 = 0.02 and give the level of signal plus noise, b 
Squeezed beam present demonstrating both an enhancement (i) and 
a degradation (ii) in sensitivity relative to the usual quantum limit. 
Points • are taken with/3 = 0 at the noise minimum tp_, while points 
• are taken with/3 = 0.02 with the phase between the probe and the 
squeezed field adjusted for minimum (i) and maximum (ii) photocurrent 
fluctuations. In (a-b) the thermal noise of the detector (which is 8.5 dB 
smaller than the "shot-noise") has been subtracted to yield the points 
displayed. The full curves are form the theory of [16] as discussed 
in the text. Acquisition parameters are f20/27r = 2.7 MHz, resolution 
bandwith = 300 kHz, video bandwidth = 300 Hz, sweep time = 0.2 s 

of interest is one of low signal-to-noise ratio. For the traces 
in Fig. 7, the residual AM lies 24 dB below the shot-noise 
level. The small pedestal evident in the figure that raises 
the narrow signal above the shot-noise level (which is ob- 
tained with the FM turned off, /3 = 0) is attributed to the 
broad Doppler background with only a smaller contribution 
(,-~ 0.02 dB) arising from residual AM. 
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Our results for spectroscopy with squeezed light are ob- 
tained with the squeezed-vacuum input to mirror M2 in 
Fig. 5 unblocked. As shown in Fig. 7b trace (i), the phase 
offset for the squeezing relative to the mean probe ampli- 
tude can be set to minimize the quantum noise (amplitude- 
squeezed probe), with a resulting enhancement in the signal- 
to-noise ratio for detection of the atomic response A(co). On 
the other hand in trace (ii), the phase is adjusted to maximize 
the quantum noise (phase-squeezed probe), with a resulting 
rise in noise of about 9 dB above the shot-noise level to 
obliterate completely the spectroscopic signal. The theoreti- 
cal curve in Fig. 7b for the data trace (i) is drawn with the 
same parameters as in Fig. 7a, except that the noise level 
is reduced by the observed drop of 3.8 dB (gt0 is the shot- 
noise level in the figure; gt_ is the noise level with no FM 
sidebands/3 = 0). We should note that the problem of main- 
taining the optimum phase between the probe field and the 
squeezed vacuum from the OPO is complicated in a spec- 
troscopy experiment by the fact that the frequency of the 
laser is being scanned, with the phase change 60 between 
the beams given by 60 = ~W(/LO -- /SV)/e, where the laser 
frequency is tuned by 6w and (/LO --/SV) is the optical path 
difference between the two beams. The path length lsv for 
the squeezed vacuum includes the phase compounded by the 
frequency-doubled beam at 2w as well as that from the OPO 
cavity. For a laser frequency scan of &~ = 50 MHz along the 
abscissa in Fig. 7, the differential phase 60 across the scan is 
about 10rad for our setup. As a result of this phase change, 
the spectroscopy signal observed should have a noise level 
which changes as cos2(60) along the scan, much as in Fig. 3. 
To eliminate this variation of the noise with 6aJ the photocur- 
rent fluctuations from detector D are sampled at an auxilliary 
RF frequency of 3 MHz. By applying a small phase dither 
to the' LO beam, an error signal suitable for the active stabi- 
lization of the phase offset between the local oscillator and 
squeezed fields can be obtained upon lock-in detection at the 
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Fig. 8. Ratio of noise levels qs+(f20)/qs_(~o) for the balanced detector 
of Fig. 1 versus local oscillator power for $2o/27r = 2.7 MHz (with a 
vacuum-state input to the signal port). In the absence of excess technical 
noise (i.e., for a coherent state), ~+/~ = 1 independent of power. The 
full curve is a fit to the data (with detector thermal noise subtracted) 
which includes a quadratic dependence in local oscillator power for 
the excess noise in q~+ and an offset of 0.04 dB to account for small 
imbalances in the circuits for summing and differing of ii,2 
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dither frequency. The results shown in Fig. 7b are acquired 
with the phase offset actively stabilized for either minimum 
(trace (i)) or maximum (trace (ii)) photocurrent fluctuations 
at 3 MHz. As previously mentioned, the frequency origin 
for the sweeps in Fig. 7 is arbitrary being referenced only 
to the length of the reference cavity, which is not actively 
stabilized to an absolute standard. 

The results shown in Fig. 7b taken with squeezed light 
indicate a quantum noise reduction of about [3.8 4- 0.2] dB 
and a corresponding enhancement of the signal-to-noise ra- 
tio. These data have had the thermal noise of the detector 
(which lies 8.5 dB below the shot-noise level) subtracted; 
before subtraction, the directly observed noise level for the 
squeezing trace with/3 = 0 lies 3.1 dB below the combined 
level of amplifier and shot noise [36]. The principal reason 
for the smaller quantum-noise reduction obtained in Fig. 7 as 
compared with the result shown in Fig. 3 is that the detection 
efficiency is decreased down to about 0.7 due to additional 
losses from the beam splitter, lenses, Cs cell, and polarizer 
P1. Note that in addition to enhanced sensitivity for the nar- 
row Doppler-free signal in moving from Fig. 7a to 7b (trace 
(i)), the broad contribution to the signal spectrum associated 
with the Doppler background is also more discernible. 

Because of the large technical noise of our Ti : A1203 laser 
(especially around 700 kHz due to relaxation-oscillation), it 
is important to ensure that the noise level k~0 quoted in con- 
nection with Fig. 7 is the true "shot-noise" level. Toward 
this end, we have characterized the noise spectrum of the 
Ti :A1203 laser and present in Fig. 8 one result from this 
work. Shown in the figure is the ratio of noise levels qs+/~_ 
from the balanced homodyne detector in Figure 1 as a func- 
tion of local oscillator power (we have also replaced the sin- 
gle detector D in Fig. 5 with a balanced detector arrangement 
to determine excess noise with results consistent to those 
quoted below). For a LO beam with no excess noise and 
with a vacuum-state input to the signal port of the balanced 
detector, the ratio ~+(f20)/qs_(~?0) = 1, where @+(~_) is 
the spectral density for photocurrents, i1,2 summed in phase 
(with 180 ° phase shift). From Fig. 8 it is clear that excess 
technical noise which is masked at low power levels emerges 
with increasing power. The asymptotic value of ~+/qK for 
zero local oscillator power should be 1; the offset of 0.04 dB 
is presumably due to a lack of identical characteristics for the 
(+) configurations. Independent measurements of the elec- 
trical characteristics for the two configurations leads to an 
imbalance of [0.00 4- 0.05] dB (as indicated by the choise 
of the ordinate in Fig. 8). At the power level and RF fre- 
quency appropriate to the measurements of Fig. 7, we infer 
from Fig. 8 that the probe beam has excess technical noise 
of about 0.05 dB, which is considerably smaller than the 
other uncertainties for these data, but which is nonetheless 
incorporated into the indicated level for ~0 in Fig. 7. 

For the data presented in Fig. 7, the modulation index/3 = 
0.02. Of course the sensitivity in FM spectroscopy depends 
strongly on/3 and reaches a maximum for/3 -- 0.3 [16, 17]. 
However, our measurements show that for /3 > 0.02, the 
observed quantum-noise reduction is degraded, as is illus- 
trated in Fig. 9. Displayed in the figure are two squeezing 
traces taken with the spectroscopy setup of Fig. 5, but with 
the laser detuned from the atomic resonance. Curve (ii) is 
taken with modulation index/3 = 0.1 and clearly shows less 
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Fig. 9. Degradation of quantum-noise reduction due to increased FM 
modulation index for the coherent probe beam. Spectral density ~(~0) 
of the photocurrent noise around 2.5 MHz vs the phase of squeezing for 
(i) FM off, (ii) FM on with modulation index/3 = 0.1. The probe fre- 
quency is detuned from the atomic resonance. Acquisition parameters 
are detection bandwith = 300kHz, video bandwith = 3 kHz, sweep 
time = 100 ms 

quantum-noise reduction than for curve (i) which is taken 
with the FM modulation off (/3 : 0). A similar trace with 
/3 = 0.05 shows less that 0.5 dB degradation for the mini- 
mum noise level. The degradation of squeezing for larger/3 
is the subject of continuing investigation and is presumably 
associated with heterodyne noise which arises from mixing 
of the coherent FM sidebands with the squeezed fluctuations 
of the conjugate (noisy) quadrature [37]. 

tion, the passive escape efficiency • would correspond to a 
loss-limited degree of squeezing 16dB below the vacuum 
level for the output field of  the OPO, with the various other 
efficiency factors then leading to a subsequent loss-limited 
reduction of 11 dB for the observed photocurrent fluctua- 
tions. Apart from improved efficiencies, there is also a need 
to increase the cavity bandwidth F to increase the sensitivity 
in FM spectroscopy by allowing larger values of D0 without 
suffering a degradation in noise performance due to the fi- 
nite bandwidth of the squeezing. An absolute improvement 
in sensitivity of the absorption measurement in our experi- 
ment can be obtained by using a larger waist and therefore 
higher power for the probe beam (for fixed intensity) as well 
as by narrowing the detection bandwidth (however, these 
measures enhance sensitivity equally for both coherent-state 
and squeezed-state spectroscopy). 

There are as well a variety of  more fundamental issues 
related to the use of squeezed light in FM spectroscopy that 
need to be addressed in more detail. One is a limitation as- 
sociated with the size of the modulation index, for which the 
data in Fig. 9 are relevant. Another is the existence of limits 
of  the type discussed in [33] associated with the dephas- 
ing of  squeezing due to the dispersion of the atomic vapor. 
However, in distinction to previous analyses of sensitivity 
enhancements with squeezed light, the nonlinear response 
of the medium must itself be considered for very large de- 
grees of  squeezing. Apart from extensions of  the quantum 
limits to precision measurement, our source should also find 
gainful employment in the exploration of a number of ex- 
citing problems in optical physics related to the nature of 
fundamental radiative processes in the presence of squeezed 
light. 

3 Summary and Conclusions 

We have described a cw frequency tunable source of 
squeezed light for spectroscopic applications and have 
demonstrated a directly observed nonclassical reduction in 
photocurrent fluctuations 6.0dB below the vacuum-state 
level. The implementation of  this source in FM saturation 
spectroscopy of  atomic cesium has resulted in a directly ob- 
served improvement of measurement sensitivity of  3.1 dB 
beyond the usual quantum limit. After correction for elec- 
tronics noise, the level of improvement increases to 3.8 dB. 
Because of  the potentially broad tunability of our source 
over the 90 ° C phase-matching bandwidth of  KNbO3 (840- 
970nm), enhanced detection sensitivity should be readily 
attainable for atoms and molecules other than Cs and could 
lead to improved capabilities in a variety of spectroscopic 
investigations which are currently shot-noise limited. Of par- 
ticular relevance are applications involving transient species 
(as in reaction kinetics) and weak absorption lines (as in 
overtone spectroscopy) where the measurement time or 
power is restricted. 

Beyond the demonstration of  proof-of-principle feasibil- 
ity for the use of squeezed light in atomic spectroscopy, 
there are a number of  ways to improve these initial results. 
Eliminating the different sources of  dissipation (especially 
the light-induced absorption in the crystal) is a straightfor- 
ward avenue to follow to increase the quantum-noise reduc- 
tion. Indeed, without the process of light-induced absorp- 
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