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We determine the theoretical singly resonant second-harmonic generation squeezing performance of several

cavity designs and nonlinear materials.

We show that, for the doubling of the 1064-nm output of Nd:YAG

lasers, monolithic cavities made from periodically poled LiNbO3; (PPLN) will produce the largest amount of
squeezing. We also present experimental results for a free-space cavity with a PPLN sample that yielded
slightly less than 0.6 dB of measured squeezing. The cavity performance as a function of input power agrees
with our theoretical predictions and shows the superior performance of periodically poled materials for the
production of bright squeezed light. © 2002 Optical Society of America

OCIS codes: 190.4410, 190.2620, 160.4330, 270.6570.

1. INTRODUCTION

Since 1988, second-harmonic generation (SHG) has been
proved an effective means of generating bright, squeezed
light. In particular, a singly resonant frequency doubler,
in which only the fundamental wavelength resonates
within the cavity that contains the nonlinear medium, of-
fers several technical advantages.? Ultimately the
amount of squeezing that is possible is limited by noise in
the fundamental beam, the losses encountered during
and after the nonlinear process, and the strength of the
nonlinear interaction.

Noise in the fundamental beam is coupled to the output
at the second harmonic, reducing the amount of
squeezing.® Fortunately, one can reduce the noise on the
pump beam to the shot-noise limit in the megahertz range
by passing it through a ring mode cleaner of suitable
finesse.*?

Losses encountered during and after the nonlinear pro-
cess decrease the efficiency of the nonlinear interaction
and allow vacuum (nonsqueezed) fields to enter the sys-
tem. Apart from the inevitable losses from the nonlinear
material itself, material interfaces are the greatest source
of loss within the cavity. Monolithic resonators, for
which the nonlinear material defines the cavity, can re-
duce the overall loss by reducing the number of interfaces
in the optical path. This advantage has been recognized
and exploited for efficient SHG and optical parametric os-
cillator experiments,®’ as well as for several squeezing
experiments.>8-10

Strong nonlinear interaction requires phase matching
between the interacting fields. When they are phase
matched these fields propagate in phase through the non-
linear medium, resulting in the strongest possible cou-
pling. Typically, crystal birefringence is used to offset
dispersion. However, this method requires that the
fields be orthogonally polarized. The strength of the re-
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sulting nonlinear coupling is determined by a small off-
diagonal element of the y® tensor. In quasi-phase-
matched materials, periodic reversals of the sign of the
nonlinear coefficient obtained by periodic reversals of the
ferroelectric domains are used to counteract dispersion.™!
This procedure permits the use of interacting fields with
the same polarization; in periodically poled LiNbOg
(PPLN), a nonlinear material that is used to double the
1064-nm output of Nd:YAG lasers, the resultant nonlin-
ear conversion efficiency is improved 20-fold.

Quasi-phase-matched materials have been used for ef-
ficient SHG'? and optical parametric oscillators.'®> They
have also been used to generate squeezed states from op-
tical parametric amplification* and from traveling-wave
SHG.'® To date, however, these materials have not been
used in a singly resonant doubler to generate bright
squeezed light.

2. RESONANT SECOND-HARMONIC
GENERATION SQUEEZING THEORY

A derivation of the squeezing spectrum from a singly reso-
nant doubler was previously published.? We rederive the
results here for the sake of completeness, using lowercase
letters to represent operators of cavity modes and upper-
case letters to represent operators of photon fluxes enter-
ing and leaving the cavity.

The Hamiltonian for the SHG that takes place in the
nonlinear material is given by

K
H = ihE(a”ash — a%aly), (1)
where a is the fundamental cavity mode operator, ag, is
the second-harmonic cavity mode operator, and « is the

nonlinear coupling. Commutation with this Hamiltonian
gives the equations of motion for the mode operators:
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a=—vya+ KaTash + V270 Ain + V27]oss Aloss7 (2)

K
Gsh = ~Vsh@sh — Eaz + Vz’)/shAsh,in’ 3

where cavity effects have been included through v, the
overall cavity photon loss rate at the fundamental wave-
length; v, , the photon loss rate through the input coupler
with associated input A;, ; and vy, , the other photon loss
rates at the fundamental wavelength with associated in-
put Ay,s. The second-harmonic photon loss rates, v,
are assumed to be dominated by one mirror with high
transmission and associated input A, .

As the second-harmonic wavelength does not resonate
within the cavity, its dynamics are much faster than those
of the fundamental wavelength. As a result, its mode op-
erator can be treated as a steady-state quantity, giving a
single equation of motion for the fundamental mode op-
erator:
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where we have again assumed that there is no steady-
state input at the second harmonic. The equation of mo-
tion for fluctuations in the amplitude quadrature-phase
operator, X = a + af, is then given by

8X = —(y + 3ulal?)6X + 2\ua* Xy

+ V2705Xin + Vz‘ylossé\Xloss’ (7)

where 8X; = 6A; + 6A] for each of the field modes.
To obtain a spectrum of the noise we convert to fre-
quency space by means of a Fourier transform:

—i2708X(Q) = —(y + 3ulal?)sX(Q)
+ 2\ pa* 8X g in(Q) + V2706X,(Q)

+ V2 Yi0ss 0K 10ss(Q), (8)

where () is the frequency in hertz.
be rewritten as

This expression can

sX(Q) =

2y00Xin(Q) + 2| a|?6X g in(Q) + V2¥1050X10se( Q)

9
vy + 3ulal? — i270 ©

0= —ya — pa'a® + 2\/;aTAsh,in

+ V270 Ain + VZYIOSS Aloss’ (4)

where u = k%/2vyy, is the two-photon damping rate.

To determine the behavior of small fluctuations within
the cavity we express the mode operators in the form a
= a+ Sad and A = A + SA. For the fundamental cav-
ity mode operator, « is the semiclassical steady state
given by the steady-state solution to Eq. (4) assuming no

To determine the fluctuations in the quadrature ampli-
tude of the second-harmonic beam leaving the cavity we
make use of the boundary condition

Ash,out = \/;az - Ash,in’ (10)
which, in terms of fluctuations, becomes
SAgous = 2Vulal?da — SAgin. (11)

So the fluctuations in the second harmonic field exiting
the cavity are

X i out( Q)

2Vula|?6X(Q) — 68X g1n(Q)

(—y + plal? + i270) X g, in(Q) + 2V a2 V200X in(Q) + V2 ¥105s0X 10ss( Q)]

and the resultant spectrum of the second-harmonic field is

, (12)
vy + 3ulal? — i27Q

[(7 - ,LL|C¥|2)2 + (2779')2]Vsh,in + 4/'L|a|2(270vin + 27]OSSVIOSS)

Vsh,out =

(v + 3ula®? + (27Q)? (19

steady-state input at the second harmonic:

\/2')/ in

y + ulal®’

%)

Without loss of generality, both « and A;, may be taken to
be real.

The rate equation for the intracavity fluctuations at the
fundamental wavelength becomes

5, = —yéa — 2ulal?sa — pa?da’ + 2\/;a* SA g in

+ V2705Ain + szlosS(SAloss’ (6)

where V is the variance of the fluctuations of the ampli-
tude quadrature-phase operator. If the second-harmonic
input and leakage at the fundamental are minimum-
uncertainty states, then Vg, ;, = Vi = 1, and the result-
ant spectrum is

8ula|{yo[Vin(Q) — 1] — ulal?}

14 =1+
shout (v + 3ulal®)? + (27Q)>

(14)

This expression for the spectrum of the second-
harmonic beam allows the noise characteristics of the
pump source, V;,(Q), to be included. For the specific
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case when the input noise spectrum is that of a minimum-
uncertainty state, V;,(1) = 1 and the spectrum reduces
to

8u?lal*
(v + 3ulal®)? + (270)*’
which is Eq. (16) of Ref. 2. This expression shows that

the maximum amount of squeezing obtainable from ideal
singly resonant SHG is Vi, o, = 1/9, or 9.5 dB.

Vsh,out =1- (15)

3. RELATING THEORY TO EXPERIMENT

To be able to compare the squeezing performance of vari-
ous cavity configurations and nonlinear materials we
need to relate the parameters in the theoretical result to
material and cavity parameters. In particular, we need
to determine the two-photon damping rate u, the semi-
classical steady-state solution for the intracavity mode
operator a, and the cavity photon loss rate y in terms of
measurable quantities.

As was pointed out in Ref. 2, the two-photon damping
rate can be related to the conversion efficiency. The
power of the second-harmonic field leaving the cavity is
given by

Psh = ﬁw2|Ash,out|2, (16)

where w, is the optical frequency of the second-harmonic
beam. Using boundary condition Eq. (10) for the semi-
classical solution, we can rewrite Eq. (16) as

Py, = 2ﬁw1#|a|4, an

where w; is the optical frequency of the fundamental
beam and « is related to the circulating pump power by

7-Pcirc
la|? = . (18)
fl(x)l

Thus the second-harmonic power exiting the cavity is
related to the circulating pump power by

Py 2ur?
Pcirc = h_wchirc = 7shPcirc’ (19)
which is equivalent to Eq. (7) of Ref. 2.

For a Gaussian beam passing through a nonlinear ma-
terial the conversion efficiency is given by'®

dgffh 167721

VYsh = (20)

)\3nw1nwzeoc ’
where d ¢ is the effective nonlinear coefficient of the non-
linear material, & is the Boyd—Kleinman focusing factor, [
is the crystal length, \ is the fundamental wavelength, n ,
is the index of refraction of the nonlinear material at op-
tical frequency w, €, is the permittivity of free space, and
c is the speed of light.

As a result, the two-photon damping rate, u, can be ex-
pressed in terms of material and cavity parameters:

fiw; d2eh16m%]

“ (21)

=5 238, .~ _ -
27% N 1,1, €0C

Finally, using the relationship
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|Ail? = Pin/fio; (22)

together with Eq. (5), we can numerically determine « for
a given incident power.

The cavity photon loss rate is all that remains to be de-
termined to enable us to calculate the spectrum of the
second-harmonic output.

4. CAVITY DESIGN AND NONLINEARITY

Four cavity designs for a singly resonant doubler are
shown in Fig. 1. All cavities are defined by an input cou-
pler with power reflectivity R; at the fundamental wave-
length and an end mirror with power reflectivity R, .
One of these two mirrors will be highly transmissive at
the second harmonic (shown as mirror 2 here) and the
other highly reflective. The nonlinear crystal is of length
[, with incident power P;,, circulating power P, and
output second-harmonic power Py, .

The free-space cavity shown in Fig. la consists of a
crystal placed between two mirrors. For this configura-
tion the photon loss rate is given by

Y = Yo + Yloss
=1/2FSR[2 — R, — (1 — 8,)%(1 — 6,)’R,], (23)

where FSR is the cavity free spectral range given by
c¢/2[L + (n, — 1], L is the overall cavity length, &, is
the loss in the crystal coating, and &, is the loss that is
due to absorption within the crystal. The conversion ef-
ficiency for this cavity design is four times that in Eq.
(20). The extra factor of 4 arises because the focused fun-
damental wavelength beam passes twice through the
crystal in a cavity round trip, provided that the correct
phase is maintained between the fundamental beam and
the second-harmonic beam and, if required, the periodic
domains in the nonlinear material.l”

In the hemilithic cavity, Fig. 1b, one face of the crystal
is used as one of the cavity mirrors. In this configuration
the conversion efficiency remains the same as for the free-
space cavity (if the crystal length and beam focusing re-
main the same), but the cavity photon loss rate becomes

y=12FSR[2 — R; — (1 — 6,)%(1 — 6,)%R,]. (24)

It is reduced because the crystal coating interface is
passed only twice within a cavity round trip.

—

/ \ Fsh
N
B b

¢ 1 d 1
Bn Feh ' ( \> Psh
& R K B

Fig. 1. Possible single-resonator configurations: a, free-space;
b, hemilithic; ¢, monolithic; d, ring monolithic.
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In the linear monolithic cavity, Fig. 1c, the cavity is de-
fined by both faces of the crystal. In this case the cavity
loss is reduced further to

y = 12FSR[2 — R, — (1 — &,)%R,], (25)

and the cavity free spectral range is now simply ¢/2n ,l.

For poled materials, some care must be taken when one
is attempting a monolithic design. After one trip
through the crystal, both fundamental and second-
harmonic beams are present. These two beams must be
in phase with each other as well as with the alternating
poled regions within the crystal on the return trip. If
they are not, backconversion will occur and the overall
nonlinearity will be reduced. Several techniques, such
as tilting the birefingent crystal and controlling the
phase-matching temperature, can be used to solve this
phase problem, but several factors have prevented their
widespread use.”

A ring monolithic resonator, as shown in Fig. 1d, offers
some experimental advantages. First, conversion occurs
only during the horizontal part of the round trip. During
the diagonal paths there is no phase matching, so no con-
version occurs. By the time that the fundamental beam
completes a round trip, the second-harmonic beam has
left the cavity, so no backconversion can occur. Addition-
ally, removing the second harmonic after a round trip will
help to prevent competing nonlinear interactions, which
have been shown to limit squeezing and may introduce
undesirable dynamic effects.!®* However, in a ring mono-
lithic resonator the conversion, vy, , is reduced by a factor
of 4 from that for the other designs and is equal to that in
Eq. (20).

We can now predict the performance of each of these
configurations for either poled or unpoled lithium niobate.

5. COMPARISON OF PERFORMANCE

The theoretical conversion efficiencies for the various cav-
ity geometries are shown in Fig. 2. For all cavities the
crystal length is assumed to be 1 cm, with 0.1-m™! ab-
sorption and a coating transmission of 99.4%. The input
coupling is R; = 99%, and end mirrors have reflectivity
Ry = 99.9% at the fundamental wavelength. All cavities
are assumed to have a Boyd—Kleinman focusing factor
h = 0.7. The free-space cavity is 5 cm long, and the he-
milithic cavity is 2.5 cm long. The results for birefrin-
gently phase-matched lithium niobate are shown by
dashed curves, and those for periodically poled crystals
are shown by solid curves. The PPLN monolithic cavity
is assumed to be the ring geometry with modified conver-
sion, as explained above.

As expected, the lower-loss cavities reach the maxi-
mum in their efficiencies at lower input powers. From
Egs. (5), (17), and (22),

Py, 4:“«7’o|a|2
— = (26)
Pin (7 + ,L,L|(1| )

which reaches the maximum of
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monolithic cavity

hemilithic cavity

Conversion Efficiency (%)

. . . . L
0 50 100 150 200 250 300 350
input Power {(mW)

Fig. 2. Conversion efficiencies for several cavity configurations
with LiNbO3 nonlinear crystals. Dashed curves, birefringently
phase matched; solid curves, quasi-phase matched. Parameter
values are L =1cm, R;=99%, R, = 99.9%, 6, = 0.6%,
8, = 0.1%, and h = 0.7. The free-space cavity is 5 cm long, and
the hemilithic cavity is 2.5 cm long.

1
-
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hemilithic
cavity
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Fig. 3. Squeezed output at 12 MHz for several cavity configura-
tions, with cavity parameter values as in Fig. 2. The results for
birefringently phase-matched LiNbO; are shown by dashed
curves, and those for periodically poled crystals are shown by
solid curves. QNL, quantum-noise limit.

= — 27
4

when y = u|al?.

For lower losses 7, this condition is met at a lower
value of @, and hence at a lower input power, for a fixed
nonlinearity u. Similarly, the maximum efficiency occurs
at a lower input power for cavities with periodically poled
crystals. Here the higher nonlinearity at an equal loss
means that the maximum conversion condition is met at a
lower input power.

Squeezing of the second-harmonic output at 12 MHz is
shown in Fig. 3 for the three cavities. At this frequency
it is assumed that the input laser noise has been reduced
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to the standard quantum limit by means of a ring-mode
cleaner. These results clearly show the advantage of
lower-loss cavities and higher nonlinearity materials,
even for the ring monolithic case with reduced nonlinear-
ity. It should also be noted that the parameters used for
these results (the same values as used for the efficiency
curves) have not been chosen to maximize the squeezing
but rather are values easily attainable experimentally.

As well, note that the squeezing increases past the
point of maximum conversion. At maximum conversion,
the squeezing spectrum, Eq. (15) becomes

8u?lal*

~ 1/2 28
16u2[al* + (27Q)2 (28)

Vsh,out =1-

for sufficiently low frequencies (27Q < 4u|a|?). Hence
the squeezing in the second-harmonic beam will be ~3 dB
at the point of maximum conversion efficiency and should
increase beyond that point. For those cavities that pass
through the maximum conversion efficiency, we see that
such is indeed the case.

There are experimental trade-offs that exist when one
is selecting the cavities. The free-space cavity requires
only simple crystal fabrication and can be quickly and
easily altered with different mirrors to adapt its input
power impedance matching point® to available laser
sources. However, obtaining squeezing at a relatively
low frequency requires that the photon loss rate be kept
as small as possible, which can be experimentally chal-
lenging, as the cavity must contain both a crystal and an
oven.

The hemilithic cavity requires the fabrication of a
curved end face on the crystal but is more easily incorpo-
rated into a small cavity. As well, only one cavity mirror
is separate from the crystal, so the cavity is less sensitive
to any mechanical vibrations than the free-space cavity.

Whereas the monolithic cavity provides the least
amount of loss and the greatest amount of mechanical
stability, it comes at the price of requiring a significant
amount of crystal fabrication. However, the improved
squeezing output makes the monolithic cavity the obvious
choice when one is trying to produce optimally squeezed
SHG. We had no such sample available, so we proceeded
with a free-space cavity for the experimental demonstra-
tion.

6. EXPERIMENTAL WORK

The setup for our free-space cavity experiment is shown
in Fig. 4. The crystal was a 1-cm long piece of PPLN
wedged at one end to permit double-pass SHG, as de-
scribed in Ref. 17. The laser source was a 1.5-W
1064-nm Nd:YAG nonplanar ring oscillator that was tilt
locked!® to the high-finesse (F ~ 400) mode of a ring-
mode cleaner similar in design to that described in Ref. 4.
The beam was then phase modulated, and the reflection
from the doubling cavity was used to lock the cavity by
the Pound—Drever—Hall technique.?’ The green output
was separated from the infrared by means of a dichroic
beam splitter and then sent to a 50/50 beam splitter. The
resultant beams were sent to two balanced detectors
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whose currents were either added or subtracted and mea-
sured on a spectrum analyzer.

The spectrum analyzer was swept over a range of a few
megahertz, centered at 11.5 MHz, for each input power.
During a single run the signal sent to the spectrum ana-
lyzer was toggled between the sum and the difference of
the currents from the detectors. A sample of our data is
shown in Fig. 5. The higher segments of the data are
from the difference of the currents, the quantum-noise
limit. The lower segments are from the sum of the cur-
rents and show the squeezing on our beam.! The sharp
downward spikes between segments are transients that
are due to the toggling action between the two signals.
The overall downward trend is due to the frequency re-
sponse of the balanced detectors.

We converted the raw data into squeezed output by tak-
ing the difference between the two extremes, and the re-
sults are shown in Fig. 6 along with the theoretical pre-

15w
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Fig. 4. Experimental setup with a PPLN free-space cavity. The
single-axial-mode Nd:YAG laser is passed through a Faraday iso-
lator (FI), followed by a half-wave plate (HWP) and a polarizing
beam splitter (PBS) to adjust the power incident upon the SHG
cavity. This laser was locked to a mode cleaner by means of tilt
locking.’® The phase modulator (PM) is required for the Pound—
Drever—Hall locking of the free-space cavity.?’ The length of the
free-space cavity is controlled by a piezo-actuated mirror (PZT).

Noise Power (dBm)

9.5 10 10.5 1 115 12 125 13 135 14
Frequency (MHz)

Fig. 5. Raw data from a PPLN free-space cavity. The higher
segments show the quantum-noise limit. The lower segments
show the squeezing on our beam. The sharp downward spikes
between segments are transients that are due to toggling be-
tween the two signals. The overall downward trend is due to
frequency responses of the balanced detectors. QNL, quantum-
noise limit.
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Fig. 6. PPLN free-space cavity experimental results (open

circles) and theoretical fit (solid curves). The cavity photon loss
rate was the fitted parameter with a value of 180 MHz. The
other cavity parameters are as in Fig. 3. The dashed curve in-
dicates the theoretical performance of an identical cavity with bi-
refringently phase-matched LiNbOs; .

dictions for our experiment. The only free parameter in
our theoretical fit was the cavity photon loss rate, y. The
fitted value, 180 MHz, is higher than expected, probably
because of clipping of the beam within the cavity. This is
one of the risks of using a free-space cavity for which the
crystal and the oven must be placed within the cavity mir-
rors. The other experimental parameters are the same
as those used for the theoretical modeling of the free-
space cavity described in Section 5.

The right-hand axis of Fig. 6 indicates the inferred
amount of squeezing, taking into account the measured
detector quantum efficiencies of 86%. The dashed curve
shows the theoretical performance of a theoretical cavity
with exactly the same parameter values but with a bire-
fringently phase-matched LiNbO; sample. As can be
seen, the squeezing in the output from such a cavity
would be difficult to measure.

7. CONCLUSIONS

We have successfully measured the squeezing from a sin-
gly resonant doubler with a crystal of periodically poled
lithium niobate as the nonlinear medium. Our experi-
ment behaved as predicted by theory, yielding slightly
less than 0.6 dB of directly measured squeezing or greater
than 0.7 dB of inferred squeezing. Under slightly better
operating conditions, our output was measured to have 1
dB of squeezing, but unfortunately this amount of squeez-
ing was not reproducible for a variety of experimental
reasons, particularly the mechanical instability of our
cavity and increased losses.

From the application of theory to the possible cavity de-
signs, the monolithic PPLN cavity is a promising source of
bright squeezed light. Further optimization from the
theoretical results shown here may be possible, with such
improvements as longer cavities and better coatings. A
singly resonant doubler with more than 6 dB of squeezing
at moderate input power levels should be possible.
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