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Abstract: For optimal '@ nonlinear interaction the phase matching
condition must be satisfied. For type | and type Il phase neatchaterials,
this is generally achieved by controlling the temperaturéhe nonlinear
media. We describe a technique to readout the phase-mgtcbimdition
interferometrically, and experimentally demonstratedfesek control in a
degenerate optical parametric amplifier (OPA) which is mesb at both
the fundamental and harmonic frequencies. The interfefticneeadout
technique is based on using the cavity resonances at tharmeital and
harmonic frequencies to enable the readout of the phase atitbkmwWe
achieve relatively fast temperature feedback using thegphermal effect,
by modulating the amplitude of the OPA pump beam.
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1. Introduction

The x(@ interaction is responsible for some of the most importaniads in nonlinear op-
tics: the second harmonic generator (SHG), the opticalpaiiéc oscillator (OPO) and optical
parametric amplifier (OPA). These devices are used in a ehyiaapplications, for example
tunable laser sources [1, 2] and quantum optics [3].

An elementary requirement fort? nonlinear interaction is the conservation of momentum,
also referred to aphase matching in this context. The phase matching condition imposes the
relation on wavevector, = ka + ky, wherek; = njaa /co andn; is the refractive index of the
it" photon in the nonlinear medium awgis the speed of light in vacuum. For small (optical)
phase mismatch nonlinear interaction still occurs, howewith reduced efficiency. For opti-
mum nonlinear interaction the phase matching conditiontrhasmet precisely. Similarly, it
is important that the phase matching condition be precisehtrolled for low noise and long
term applications, such as the generation of squeezing&vitgtional wave detection [7] and
to minimize intensity noise in second harmonic generators.

In birefringent materials phase matching can be achievied tygpe I, type |l or quasi-phase
matching [10]. Consider a SHG or degenerate OPO that is type | uniaryatal phase matched
via temperature tuning such as MgO:LiNb®iere, in SHG or degenerate OP&; = wy and
the phase matching condition simplifies tg:= ny. Here, and henceforth, we refer to the field
with frequencyw, as the fundamental field and dg as the (second) harmonic field. To achieve
phase matching in this system, the polarization of the foretgal field is set to the ordinary
axis, the harmonic to the extraordinary axis, and the ckystaperature is tuned. Temperate
tuning changes the ordinary and extraordinary refractideces differentially according to the
respective Sellmeier equations [2], until they become kafuthe phase matched temperature.

In many experiments the nonlinear medium is temperaturéralted to maintain phase
matching condition. Typically, the temperature of the moedr medium is sensed by a nearby
thermister and actuated by a peltier (thermo-electriapel& or resistive heater. Stabilizing the
phase matching condition using a temperature sensor orxtéece of the nonlinear medium
has inherent disadvantages. An external sensor readsecertiéérnal crystal temperature, rather
than temperature of the optical path through the crystakevtiee nonlinear interaction occurs.
A temperature change in the nonlinear interaction regidhnei be suppressed by the tem-
perature control loop. Instead a temperature gradientanidle between the interaction region
and the boundary of the nonlinear medium. Thus, if a exteaemperature readout and control
system is used, the oven temperature must be reset for esmrtplawer used to achieve phase
matching. This is a problem as lasers have power drift andydeeer time.

In this paper we introduce a technique to readout the phasehing condition interfero-
metrically using the interacting optical fields, in a doutdgonant (DR) OPA [4]. This enables
fast readout of the phase matching condition, exactly whiseenonlinear process is occur-
ring. The readout involves monitoring the cavity resonaajfiencies at both the fundamental
and harmonic frequencies using the Pound-Drever-Hall (PBeking technique [5]. Since
the resonant frequencies are proportional to the optidal lpagth (OPL), the cavity resonant
frequencies change differentially when there is some phasmatch (i.e. a refractive index
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difference/An = ny — np). At the phase matching temperature there is no refraatidex dif-
ference An = 0) and the two cavities are both resonant [6]. Thus, whenatipey sufficiently
close to the phase matching temperature the cavity erroalsigan be used to derive the phase
mismatch condition. In addition to phase matching readeatdemonstrate fast actuation of
the crystal temperature using the photothermal effect]12113, 14] for phase matching con-
trol. The phase matching error signal is used to modulatéhéinemonic (pump) field ampli-
tude, which is partially absorbed in the nonlinear mediutiisBctuation can be extremely fast
(~100kHz) compared to using an temperature actuation extertree crystal, which has band-
width limitations due to the time delay associated with il conductivity of the nonlinear
medium.

This paper is structured as follows: in section 2 we deriwertbnlinear gain of a DROPA
system with the harmonic cavity held on resonance as a umati temperature offset from
phase matching. Our model shows that the full width at hakkimam (FWHM) temperature
of the nonlinear gain is significantly smaller than in thegmnresonant (SR) or single pass
OPA, motivating the requirement for phase matching controkection 3 the experimental
setup and results demonstrating phase matching readoabatrdl are presented. In section 4
we discuss limitations of this demonstration and discussrtiplications of this work.

2. Theory

The classicak(? nonlinear optic equations of motion are [8];

a = —(Ka+iAa)a+£*a*b+ \/2Kiérl] in, (1)
- . ga?
b = —(Kb+|Ab)bf7+ 2kPBin, &)

wherea andb are proportional to the the intra-cavity fundamental arabad harmonic fields,
respectively;k? and k° are the total resonator decay rates for each fielg the nonlinear
coupling parameter; an#l,, andB;, are the driving fields with the respective input coupling
rates ares? andk®. The angular frequency detuning of the fundamental and baicicavities
with respect to the driving field frequencies are givem\ByandAP.

We limit our calculation to OPA in the non-pump depleted negiwhereea? /2 < 2Ki$]Bin.
The steady state intra-cavity field amplitudes are given by;

V/2K3AIn((K2+1A%) + £*b")

(<7 + (B2~ [ebP ©
°F i )

The detunings of the cavities due to change in the QRl, are given by the following equa-
tions [9],
) —op!

ao= o (5)
where the superscrigtj = a,b}. The free spectral range is given byg = 21cy/ p, with the
total OPL;p = L+ nL. with L the round trip length in free space angthe length of the crystal
with refractive indexn andA; is the wavelength in vacuum aeglithe speed of light in vacuum.

Change in the round trip OPI3p, can come from change to the free space OPL and from

change in the crystal OPL. The crystal OPL is a function obtalytemperature changéT,
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arising from two mechanisms, thermal expansion and réfeattdex change, i.e.;

i 1dn;
- -1 .
op 5L+nLc<ndT +a,> oT (6)
wheredn! /dT are the crystal’s photorefractive constants anchre the crystal's thermal ex-
pansion constants. We define the total detuning as;

A = Agg+AL(ST) @)

whereA¢s is the due to the change in free space OPL Akds due to change in crystal OPL.

Consider the total OPL of the harmonic cavity is locked tcoresice by controlling the
free space length to suppress any cavity detunifg—+ 0). If the temperature of the crystal
is changed, the control system will have to change the fraees@PL to compensate for the
change in crystal OPLAgs = —A% (6T)) to maintain cavity resonance. Substituing this into
the total detuning of the fundamental cavity we find;

A = DA+ D3 (5T) (8)
= Agr(éT)_AEr(éT) 9)

Thus the detuning for the fundamental cavity is given by tiffer@nce detunings of the change
in crystal OPL at the fundamental and harmonic cavities due to temperaiaieg of the crys-
tal. We can extend Eg. 9 to considered more than one longéldiode of the fundamental
cavity. Also, for completeness, we add an arbitrary difféisd phase shift between the funda-
mental and harmonic field§, which adds an detuning & = 6w . Thus the total detuning
then becomes;

A = N(OT)—D2(6T)—A% —lwyy, (10)
wherel is the cavity mode number. The intra-cavity amplitude oftarmode is:

_ ZRBA(CH09) + | »
S "

where the phase is the combined anglé(e*b*), which can be varied to control the sign
of the parametric gain. Herg = +/(k®+iA?) is set to maximize+{) or minimize (-) the
parametric gain.

The nonlinear coupling parameter dependence on tempeiiatdue to the phase mismatch,
Ak, in the following form [10];

KL
2 )

wheregy is a constant. The Sellmeier equation [2] at the fundamémquency iAk =& (OT)

whereé is a constant whose value depends on the crystal’s propeatield T is the crystal’'s

temperature offset from the phase matched temperaturendmimear gain is found when the
transmitted power with/without the pump field is compared,;

o jOkle .
£=¢gz¢ 2 sin

(12)

Pout |ay |2
= 13
Poutlb=0  [&]p=0l? (13)

The nonlinear gain as a function of temperature is showngnFivith parameters given in the
figure caption. The compromise between nonlinear gain angéeature stability requirements

#71784 - $15.00 USD Received 9 June 2006; revised 11 October 2006; accepted 11 October 2006
(C) 2006 OSA 13 November 2006 / Vol. 14, No. 23/ OPTICS EXPRESS 11259



6l ! 4— (a) DROPA

'
'
5r '
)

Non Linear Gain [dB]

DROPA ENVELOPE /

\/ (b) SROPA

1 2 3 4 5
Temperature Offset, AT [K]

Fig. 1. Examples of nonlinear gain (Eq. 13) vs temperature offset frbase matching.
Trace (a) is a DROPA with harmonic cavity held on resonan€e<(0) and the fundamental
detuning 0?) given by Eq. 10. Trace (b) is a SROPA with the fundamental cavity held o
resonance/* = 0). The dashed curve gives the nonlinear gain envelope of the DROPA
found with both fundamental and harmonic cavities are held on reser{ahe- AR =0).
ParametersP?, = 0.35 W, Ay = 2Ap, = 1064 nm, n = 2.23| = .65 m, Lc = .0065 m,

4 —33%x 100 1/K, 90 =37.0x 10 ® 1K, aa = ap =5x 100 1/K, k2 = 1x 10* 1/s,

K& =2.26x 10" 1/s,kP = 6.77x 10° 1/s,kP = 6.82x 10° 1/s,& = 749 1/m/K,g5 = 30 1/s.

'in T
Parameter mostly taken from [14]

can be seen in the comparison between the DROPA, trace t&)awiigh reflectivity input
coupler at the harmonic frequency, compared to the SRO&ée {b), which has 0% reflectivity.
The resonant enhancement of the nonlinearity gives the BR@Hitional nonlinear gain over
the SROPA however the FWHM of the nonlinear gain is signifiyasimaller than for the
SROPA.

In addition to the resonant enhancement of the nonlinear, gavities at both the funda-
mental and harmonic frequencies provide a phase referataeén the two frequencies. This
phase reference can be used to readout the phase matchditiccoimterferometrically. Near
the phase matching temperature, the cavity resonancetmmsdcan be monitored using stan-
dard cavity readout techniques, and this readout can betagedduce a phase matching error
signal.

3. Experiment

A schematic of the experimental setup is shown in Fig. 2. TH& $15] produced the OPA
pump beam at 532nm. The OPA crystal was 6.5mm long, typedehaatched MgO:LiNb©®
with 7% doping. The optical surfaces were flat and coated mbrreflection at both wave-
lengths. The crystal was placed in a peltier driven oven hetd63°C to approximately 5mK
accuracy. The DROPA bow-tie cavity configuration consisiéthree high reflectivity (HR)
mirrors at both wavelengths and the input/output coupld wansmission of 10% and 3% at
1064nm and 532nm, respectively. The incident pump powerh®8mW, giving a circulating
pump power of~2.7W, corresponding to a parametric gain of just under 3diz OPA was
seeded through a HR mirror with 20mW. The input harmonic field was phase modulated
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Fig. 2. The experimental layout. Most of the laser power is used to peothe harmonic
beam for the OPA. The harmonic beam is passed though a broad bafithdexmodulator
(AM) and a resonant (7OMHz) phase modulator (PM) before beiniglémt on the OPA.
The cavity length error signal is derived from the reflected harmonid éierd fed to the
PZT1. The phase matching error signal is derived from the transmittethfnental field
and sent to the AM on the harmonic field. The temperature of the crystal isvactively
controlled to 68C.

= o ~
T T
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o
o
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Fig. 3. (&) The transmitted fundamental power from the OPA as the teuperof the
crystal is varied by sweeping the oven temperature. This is normalizece tcefonant
transmitted power through the OPA without parametric gain. The nonlirearig being
dithered at approx. 1kHz, which shows the nonlinear gain envelopglifaration and de-
amplification). (b) the corresponding error signal of the phase maatomdition. The
dither signal of the nonlinear gain is filtered out of the error signal.

at 70MHz. The harmonic field reflected from the OPA was denetédl to produce an error
signal for the cavity length. This error signal was fed bark piezo-electric tranducer (PZT1)
bonded to a OPA cavity mirror. The PZT1 also had a modulatignas added at 30kHz to
produce phase modulation on the intra-cavity fields. Thestrassion at the seed was detected
and demodulated (at 30kHz) to produce an error signal aisg tise PDH technique. Figure 3
shows the transmission of the cavity at the fundamentalaqy, plot (a), and the associated
error signal, plot (b), as the temperature of the crystal svaspt across the phase matching
temperature. These data was taken with the harmonic caagkgdt on resonance. The vertical
axis of the Figure 3(a) is normalized to the resonant poveasimitted through the OPA without
parametric gain. Thus on resonance, below 1 indicates mararde-amplification and above 1
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Fig. 4. (a) The transmitted fundamental power of the OPA as a functidimef This is
normalized to the resonant transmitted power through the OPA withoumpdiia gain.
(b) the phase matching error signal. At 12.5 seconds the control locpssd and the
nonlinear gain is optimized.

parametric amplification. The relative phase of the harmand fundamental frequencies was
swept rapidly by dithering PZT2 at 1kHz in order to sample Hficption and de-amplification,
to show the nonlinear gain envelope. The error signal heséoban low pass filtered to remove
any component associated with the nonlinear gain at 1kRiis (phase matching) error signal
was sent to an amplitude modulator (AM) in the input harmdigiltls’ path to actuate on the
crystal temperature via the photothermal effect. Photathéactuation was proven to be very
effective since most of the harmonic field was absorbed irctigstal, as the cavity is nearly
impedance matched and the crystal represents the domasantlechanism.

The behavior of the nonlinear gain as a function of time issshn Fig. 4(a). Up until 12.6
seconds the crystal has temperature control only from awitbriemperature sensor on crystal
exterior. Even though a high precision temperature cdetralas used, the nonlinear gain and
the error signal (Fig. 4(b)) are seen to drift significantl.6 seconds into the data run the phase
matching temperature control loop was closed, and the mealigain moves to its maximum
value and the error signal to zero. A comparison of the teatpeg stability with/without phase
matching control showed the mean temperature offset wastdZmK and standard deviations
of 0.3mK/0.72mK, measured over a 5 second interval.

4. Discussion

Our control loops performance was limited by the phase dielagrent in photothermal actu-
ation. This can be seen in the measured photothermal resjpdmise crystal shown in Fig. 5.
The measured trace (solid line) was fitted with a theoretioate [13] (dashed line) which has
a corner frequency of 140Hz. These data was taken by megghserransfer function from the
AM on the harmonic field to the fundamental error signal. Mags done whilst the harmonic
field was locked to the cavity resonance and the crystal tesyre set so that the fundamental
field was also on resonance, however detuned 8 Kelvin fronpliase matching temperature
to eliminate anyy(? effects.

The photothermal phase delay limited the control bandwioltipproximately 10 Hz, since
the controller did not take this into accout. We expect thiiga bandwidth £100kHz), high

1When using this technique for applications one may lock the@leéthe fundamental / harmonic fields to ampli-
fication or deamplification.
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Fig. 5. Measured (solid line) and theoretical (dashed line) photothelespbnse of the
nonlinear crystal. (Top) the amplitude response and (bottom) the pbssense.

gain control loop could be implemented if the phototherneaiponse was considered and an
appropriate controller electronics designed. Also, aegrdator would be useful to increase low
frequency gain and drive residual phase mismatch (and tetyse deviation) lower. These im-
provements to the electronics could potentially suppfessléviation from the phase matching
temperature even further.

Using the photothermal feedback via the harmonic (pumpd fielconvenient and poten-
tially very fast. An issue that may arise using this type dbiator is that the phase matching
error signal changes the pump power, which is coupled tortiy@itude of the nonlinear gain.
However, this is a second order effect compared to operatitiga phase mis-match. Ideally,
photothermal actuation would be used in parallel with a dieedback to the crystal oven to
null any low frequency temperature variation, thus keephey power of the harmonic field
constant.

We note that the phase matching error signal is obtained img tke fundamental cavity
resonance condition, and therefore any rms locking errtrefength of the cavity will couple
directly in to phase matching error signal. In this case, hbe control bandwidth of the
cavity length is a factor of a thousand larger than the phastehing control bandwidth, the
coupling of the rms locking error of the cavity length is rigifdle in comparison the the phase
matching error.

5. Conclusions

We have introduced a technique to interferometrically oeathe phase matching condition in
a DROPA. High precision readout of the phase matching cimmdi$ obtained by differencing
cavity error signals of the fundamental and harmonic fregies. An experimental demonstra-
tion of phase matching locking was performed, showing teatpee control to a mean value
of 0.5mK from the phase matching temperature, with a stahdeviation of 0.3mK. With the
phase matching locked we obtain a substantial improvenferrdinear gain, and of nonlinear
gain stability. As a temperature actuator for the nonlirietaraction region we used the pho-
tothermal effect, via electro-optic modulation of the hanie field amplitude. This enabled a
unity gain bandwidth of the phase matching control loop giragimately 10Hz. With servo
design taking the photothermal phase response into acosargxpect that a unity gain band-
width of ~100kHz could be achieved using photothermal actuation.

Optical readout of the phase matching condition is alsoiegiple to other nonlinear systems
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such as SHGs and non-degenerate OPOs. This technique tsulibaextended to atom optics,
similar to the work in [16].
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