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Squeezed states of light are generated by the process of second-harmonic conversion within an
optical cavity resonant at both fundamental and harmonic frequencies. Observations of squeezing
are made by analyzing the spectral density of photocurrent fluctuations produced by the total field
reflected from the nonlinear cavity. Reductions in photocurrent noise of 13% relative to the
coherent-state or shot-noise level are achieved for frequency offsets near 4 MHz.

Recently squeezed states of light have been successfully
generated in experiments involving a variety of physical
processes.! While much of the research has concentrated
on squeezing produced by four-wave mixing (either in
atomic vapors or in condensed media), the most successful
experiments have been those involving three-wave mixing
in parametric down conversion.>”* Given this large de-
gree of squeezing generated via the second-order suscepti-
bility, one naturally inquires about the use of frequency
doubling for the production of squeezed states, for which
an extensive theoretical literature is available.’ ! Of
various possibilities, the scheme that we have chosen to in-
vestigate is that of second harmonic generation within an
optical cavity resonant at both fundamental w; and har-
monic 2, frequencies and driven by a coherent source at
or.771% In this Communication, we report observations
of squeezing of the total fundamental field reflected from
the nonlinear cavity. When this field illuminates a pair of
photodiodes, we observe reductions in photocurrent fluc-
tuations of 13% (—0.6 dB) relative to the coherent-state
or shot-noise level for analysis frequencies around 4 MHz.
We also identify a noise mechanism that has not been dis-
cussed for ¥ processes but which has had a significant
impact on squeezed state production via ¥ in optical
fibers.!! Although our initial measurements show modest
noise reductions below the coherent-state level, the results
that we report are the first achieved with a process that
has served as an important theoretical model for the inves-
tigation of quantum statistical processes in quantum op-
tics.

The experimental arrangement that we employ is
sketched in Fig. 1 and consists of a standing-wave cavity
containing a crystal of lithium niobate doped with mag-
nesium oxide (MgO:LiNbO3) and driven by the field from
a frequency-stabilized Nd:YAG (yttrium aluminum gar-
net) laser. The field reflected from the cavity illuminates
a pair of high-quantum-efficiency photodiodes, whose in-
dividual photocurrents (i,,i,) are summed with either
0°(+) or 180°(—) phase difference to produce two pho-
tocurrents i +. The spectral densities of the photocurrent
fluctuations / + are analyzed as functions of cavity detun-
ing A; during the sweep of the cavity length through reso-
nance of the fundamental field. An intensity regulator ad-
justs the incident light level during the scan to maintain
an approximately constant low-frequency photocurrent I,
from one photodiode, thus eliminating the usual dip in
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reflected power and providing a constant dc photocurrent
as the backdrop in the search for squeezing.

Of course of principal importance in an experiment to
detect squeezed states is the need to accurately determine
the coherent-state noise level. As in the usual balanced
homodyne detector, the photocurrent i— (either in the
presence or absence of nonlinear coupling within the cavi-
ty) provides a reference in our measurements for deter-
mining the coherent-state level, since for a properly bal-
anced system excess local oscillator noise is greatly
suppressed.!>!>  For our detector arrangement, the
suppression factor is greater than 20 dB over the frequen-
cy range of interest. Contrary to the usual implementa-
tion of the balanced homodyne detector in which the
squeezed signal is delivered through the open port of the
beamsplitter (BS in Fig. 1) and phase-sensitive signal
fluctuations are reconstructed in the photocurrent i—, the
squeezed fluctuations in our experiment are encoded on
the beam P,,, which would normally be the local oscilla-
tor. Hence, squeezed fluctuations of the amplitude quad-
rature of P, are reconstructed in the photocurrent i4+.'*
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FIG. 1. Diagram of the principal elements in an experiment
to generate squeezed states by intracavity frequency doubling.
The cavity formed by mirrors (m,,ms) serves to convert the in-
cident beam P;, into a squeezed beam P,;. The circulator C
directs P,; to a pair of photodiodes and associated amplifiers
(Da,Dp). (ig,ip) are the high-frequency (X200 kHz) com-
ponents of the photocurrents while (1,,1,) are the low-frequency
components. The current I, can be held constant by a servo sys-
tem consisting of amplifier 4 and electro-optic modulator
(EOM).
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Since any excess laser noise also appears in i+, our pro-
cedure of examining i+ for noise reductions below the
shot-noise level is valid only if the laser driving the cavity
has no excess fluctuations above those of a coherent state.
We have verified that this is indeed the case. Far from the
cavity resonance (A;>>0) the spectral densities of photo-
current fluctuations of i+ and i- coincide within * 2%
over the entire range of frequencies quoted below.

Returning now to the question of the nonlinear optical

processes responsible for generating squeezed states, we
describe in more specific detail the relevant parameters of
our experiment. The finesses of the cavity formed by mir-
rors (m,,my) in Fig. 1 are F;==75 and F,==45, where
throughout the subscript 1 (2) refers to the field at w,
(2w;). The transmission coefficients of m, are
(T,1=0.058, T,2=10">) while those of my are (T},
=2x1073, Tp;=6%x10"%). The intracavity MgO:
LiNbO; crystal is of length 25 mm; the cavity is operated
in a near spherical configuration with mirrors of 100-mm
radii. In the absence of servo control and of nonlinear in-
tracavity conversion, the ratio of reflected fundamental
power on resonance to that off resonance is approximately
0.4.

To make contact with the existing literature on the
efficiency of the nonlinear conversion in our cavity, we
consider the case of zero cavity detunings and no servo
control of P;;, for which the dimensionless fields 4 = (in-
tracavity field at w;) and B = (incident field at w,) are re-
lated by ">14

BZ-A2(1+A2)2, BZ=(4F|F2€1ENLP“)/7E2, (1)
while the power P;, transmitted through m, at 2w is
Piy=(x*Ty2A*)/(4FENL) . ()

Here ¢ is the buildup factor for the incident power P;; in
the absence of harmonic conversion, while E'ny is the non-
linear conversion efficiency, the explicit form of which is
given in Ref. 14. Note that implicit in the conversion
efficiency EnL is a particular constraint on the relative
phases of the standing-wave patterns of the fundamental
and harmonic modes within the crystal.'*!> In general,
optimum conversion efficiency is not achieved for a
standing-wave cavity even if both w; and 2w, are simul-
taneously resonant within the cavity.

Over the range of incident power P;; from 1 to 30 mW
we have recorded the transmitted powers P,; and P, and
compared our measurements with the predictions of Egs.
(1) and (2). For the measured cavity parameters, we ob-
tain reasonable quantitative agreement between theory
and experiment for the dependence of P;; and of 4 2/B?
on incident power P;; if we view EnL as a fitting parame-
ter which is found to be 5%x10 ~* W ! (note that 4%/B?
gives the ratio of P, for EnL#0 to that for En_=0).
Since the theoretical maximum value of Eny~5%10 3
W ~!, the observed conversion efficiency is markedly low,
a point to which we will return shortly. A representative
observation is P,,=31 yW and 4%/B*=0.75 for P;; =16
mW. If we operate with the intent of coupling more light
out of the cavity at 2w (to the detriment of the genera-
tion of squeezing at w;) we obtain P;;=4 mW for
P;1=15mW and T, =0.03.'¢
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Our observations of noise reductions below the
coherent-state level for the reflected cavity field are docu-
mented in Figs. 2 and 3. Figure 2 displays the spectral
density @+ of noise in the photocurrent i + as the length of
the cavity is swept with @, fixed and with the total dc
photocurrent (I,+1,) held constant (* 1%) with the in-
tensity servo. Figure 2(a) displays for reference the noise
level far from the cavity resonance; Fig. 2(b) is taken in
the absence of harmonic conversion as the cavity is swept
through a longitudinal-mode resonance at ;. Figure
2(c) is recorded with efficient generation of the green field
at 0.53 um and exhibits noise reduction below the shot-
noise level (@4 =0). Here the spectral densities of photo-
current noise ®+ (v,A;) are defined in terms of the rms
current fluctuations i+ (v,A;) at a particular analysis
frequency v and cavity detuning A; by ®+(v,A;)
=20logoli + (v,A)/i + (v,A;>0)]. In Fig. 2, the dashed
line gives the shot-noise level as determined by the signal
i3 (v,A;>0), which is a level that coincides with
i2 (v,A;>0) to within & 2%. Recall that amplitude fluc-
tuations of the reflected cavity field are reconstructed in
the photocurrent i+ (and hence in ®4) while these fluc-

1.0 T T T T

(a)
0.5F 4
Dy (A .
0.0+ Aﬁ/% j‘\vl—k—— Jﬁ\wﬁwm MA’\%M‘;{M M&/—Wﬂcw*‘q‘—‘
_05 1 1 1
Cavity Detuning A,
‘ (b)
D (A;)

Cavity Detuning A,
1.0 T T T T

Dyp(A,)

L L

Cavity Detuning A,

FIG. 2. Spectral density ®+ of photocurrent fluctuations i +
as a function of cavity detuning A; of the fundamental field.
The dashed line gives the shot-noise level. (a) Cavity detuned
far from resonance. (b) Cavity swept through resonance in the
absence of nonlinear conversion, with the peak of the cavity
transmission occurring at the position of the central valley. (c)
Cavity swept through resonance with nonlinear conversion re-
sulting in the buildup of fields at both (w;,2w.). This trace
gives evidence for noise reduction below the shot-noise level in
the central region of the transmission profile. The analysis fre-
quency in (a)-(c) is 2.5 MHz; analysis bandwidth equals 100
kHz. The incident power P; =4 mW for A,>>0; the time for the
entire sweep is 100 ms.
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FIG. 3. Noise level R=10"""* as a function of analysis fre-
quency v (cycles/s). The dashed horizontal line at R =1.0 cor-
responds to the coherent-state level, with zero noise at R=0.
Each data point is obtained from traces such as those shown in
Fig. 2 with the error bars providing a rough estimate of uncer-
tainty. The curves H,H are obtained from the theory of Ref.
10 as discussed in the text, with H; drawn for 42=0.3 and H;
for A2=0.2.

tuations are greatly suppressed in i~ (and hence in ®_).
Indeed, the spectral density ®- exhibits no measurable
detuning dependent noise variations as a function of A,.
Furthermore, note that a coherent state should produce a
flat, featureless noise spectrum @4 as a function of cavity
detuning at the level indicated by the dashed line in Fig.
2(b) with the intensity servo in operation. Instead, we ob-
serve an M-shaped noise feature as we sweep through the
cavity resonance at w; [the position of the cavity
transmission maximum is near the minimum of the valley
in the noise spectrum and the width of the transmission
profile is approximately that of the feature shown in Fig.
2(b)]. This excess noise above the coherent-state limit
even in the absence of nonlinear conversion is due to clas-
sical phase modulation produced by thermal fluctuations
in the refractive index of the intracavity doubling crystal.
A simple model in which the index is driven through the
photoelastic effect to produce (small) Gaussian fluctua-
tions of the intracavity phase adequately describes the
qualitative features of Fig. 2(b).!!:!4

While these excess classical fluctuations associated with
the intracavity medium are undesirable, they do not pre-
clude the observation of squeezing. In the presence of in-
tracavity harmonic generation, the trace in Fig. 2(c) indi-
cates that the noise level drops below the shot-noise level
(®4+ =0) at the position of the cavity resonance between
the two regions of enhanced fluctuations. To pass from a
trace such as in Fig. 2(b) without nonlinear coupling to a
trace such as in Fig. 2(c) with nonlinear coupling we sim-
ply vary the servo-controlled temperature of the crystal to
bring cavity modes at @; and 2w, into approximate over-
lapping resonance somewhere under the phase matching
curve resulting in efficient generation of the green field at
0.53 um as the cavity is swept through resonance. From a
collection of traces such as shown in Fig. 2, we infer noise
reduction below the shot-noise level of (—0.6 +0.1) dB,
corresponding to a drop of 13% below the coherent-state
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limit. Although the data reported here are recorded by
scanning the cavity detuning, we observe similar noise
reductions by locking to the center of the cavity resonance
at oy with a rf sideband technique to hold the detuning A,
fixed near the position of the noise minimum. In either
the swept detuning mode or the locked mode of data ac-
quisition the largest degree of squeezing is not obtained
coincident with the highest output P, at 2w;. Instead as
the crystal temperature is scanned we consistently observe
an initial decrease in noise below ®+ =0 as the green in-
tensity grows, followed by an increase in noise to ®+~0
near the point of maximum green generation, followed by
another decrease in noise below @4+ =0 as the green inten-
sity diminishes. At present, we have no satisfactory ex-
planation for this behavior.

We explore the rf dependence of the noise reduction
R(v)=10*""*"" in Fig. 3 in which each point is obtained
by recording several traces such as those shown in Fig. 2
at fixed analysis frequency in the spectrum of photo-
current fluctuations. The total reflected power is again
stabilized to * 1% for the measurement, with the incident
power P;; varying between 7 mW for A;>0 to value
greater than (7 mW / Do) =18 mW for A; =0. As a point
of reference we include in Fig. 3 two theoretical curves ob-
tained from Eq. (4.4) of Ref. 10 supplemented with the
analysis presented in Ref. 14, Eq. (10). The curves are
evaluated for parameters appropriate for the experiment;
namely the ratio f=F,/F,=1.7 and 42=(0.2,0.3), cor-
responding to P;;(A; =0)=(13 mW, 22 mW) for A, =0.
The overall propagation and detection efficiency & for the
squeezed fluctuations includes the cavity escape efficiency
(0.75), the transmission efficiency from cavity to photo-
detector (0.80), the detector quantum efficiency (0.83),
and the homodyne efficiency for overlap of the direct
reflection and the cavity leakage field (0.80), resulting in
£=0.40. From Fig. 3, we see that our observations of
noise reduction are in reasonable qualitative agreement
with theoretical estimates for our system. We stress that
this agreement may be fortuitous since the theory of Ref.
10 assumes zero detuning for both «; and 2w, , while our
experiments are conducted largely without knowledge of
the relative detuning and without precise control of Ent.
The relatively low conversion efficiency and the large ratio
of cavity loss rates are responsible for the absence in Fig.
3 of the distinctive spectral features predicted for
A?~(1+f) around the frequency vo of the self-pulsing
instability (vo~11 MHz for our system with a threshold
P;1~1.6 W for zero detunings). '

Several comments should be made regarding the pros-
pects for improving these initial observations. In the first
place, the intracavity losses at 2w; can be substantially
reduced with improved coatings of the intracavity optics.
Secondly, E N can be greatly increased by adding degrees
of freedom to our apparatus to allow optimization of the
coupling integral of cavity modes at w; and 2, and con-
trol of the position of simultaneous resonance with respect
to the phase matching curve. These improvements would
result in a greatly reduced threshold for self-oscillation
and in a greater role for nonlinear processes relative to the
classical phase noise produced in the cavity. Additionally,
substantially increased degrees of squeezing are predicted
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for reduced values of f.

In summary, we have employed the process of intracav-
ity frequency doubling to generate a squeezed beam of
light by reflection of a laser from a nonlinear cavity.
Noise reductions of 13% relative to the coherent-state or
shot-noise level have been observed. Thermally driven
fluctuations in the index of refraction of the intracavity
doubling crystal lead to phase noise that complicates the
investigation of squeezing. The issue of the interplay of
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the classical phase noise with the nonlinear conversion is
one that we are currently addressing theoretically.
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