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High-precision wavelength-flexible frequency division for metrology
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We realize and investigate wavelength-flexible phase-coherent all-optical frequency division by 2. Fre-
quency division is obtained via self-phase-locking in a degenerate continuoustevaveptical parametric
oscillator (OPO. The wavelength flexibility of the divider is based on the use of quasi-phase-matching with
perpendicular polarizations of the OPO output waftgpe Il). Mutual injection of the subharmonic waves is
achieved by using an intracavity quarter-wave plate. A locking range of up to 160 MHz is observed experi-
mentally, and a stable, self-phase-locked operation of the OPO is achieved over typically 15 min. For the first
time, we measure the frequency stability of the divider by recording the relative phases of the subharmonic
waves as a function of time. For a measurement time interval of 40 s, we measure a residual frequency
instability of the divider of 8 1078 We demonstrate a full control of the OPO’s output-wave phase difference
and observe the related change in power ratio of the subharmonic waves in agreement with the theoretically
expected behavior. We propose that this possibility to monitor the divider’s drift within the locking range via
the power ratio can be used for stabilizing that drift in order to achieve a significant improvement of the
long-term stability of the divide-by-2 OPO.
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[. INTRODUCTION of lasers[9]. If the injected wave is generated within the
OPO itself, the method may be termed self-phase-locking.
Due to their unique coherence properties, continuousa|l-optical frequency division by 3 through self-phase-
wave (cw) optical parametric oscillatorfOPO’S operating  |ocking has been demonstrated in our previous work with a
at or close to frequency degeneracy are particularly wellcw OPO[10]. The most straightforward approach for a self-
suited candidates for applications in quantum optics. The inphase-locked divide-by-2 OPO seems to be a frequency-
tensity correlation of the two generated waves has been exiegenerate, type-l phase-matched OPO, where the polariza-
ploited for twin-beam generatiot,2], and their frequency tions of the OPO subharmonic waves are parallel such that
correlation has found useful application in coherent controthe signal wave locks the idler wave and vice versa. Such
schemeg3]. The phase correlation of a phase-locked OPCself-phase-locking has been observed qualitativily];
offers a potentially high precision, which makes these opticahowever, type-I phase-matched OPO’s near degeneracy usu-
frequency dividers powerful tools for frequency metrology ally reveal an enormously wide gain bandwidth and other
[4]. OPO's offer indispensable properties like a high effi-S€vere tuning difficulties that hamper spectral conf@jl
ciency, which is a prerequisite for a high signal-to-noise ra[Neéar frequency degeneracy, type-Il phase-matched OPO's—
tio, together with a potential for a narrow linewidth. Further- !-€-» W'th. orthogonally polarized subhaymomc waves—are
more, they can be designee.g., using quasi-phase- better suited for precise frequency division, because the dis-

- . ; i f the signal and idler wave in the crystal is different
matching nonlinear crystalsuch that they can be taken into persion ot t . 4 '
operation over a wide spectral region. which considerably narrows the gain bandwidth and thus al-

; lows for fine frequency tuning via the phase-matching pa-
It is well known that the sum of the phases of any OPO - ) RPN
subharmonic waves follows the pump phase, while their dif rameters and good frequency stability. Self-phase-locking in

such an OPO can be achieved by inserting a quarter-wave
ference phase undergoes a phase diffusion prodgsdn y eV y INSering a qu wav

late in the OPO cavity as was demonstrated first by Mason
order to achieve phase-coherent frequency division, this difggd V:/ong[12] vity as w I y

“!Sr:o"‘ process r|1as to be counttleracte%, Wh'%h can be gch||eve The approach taken in that previous work is, however,
either via an electronic servo odis—g] or by an optical " yych limited with respect to the optical frequencies that can
phase-locking process. As compared to an electronic contrﬁ‘

-opticallv bh locked f divider i e divided, as a consequence of using noncritical phase
an all-optically phase-locked frequency divider IS expectedy aiching in birefringent crystals. This restricts the applica-

to provide a higher precision due to a shorter response tim%ility of such divide-by-2 OPO’s in precision frequency me-

”TO por|1trol the output ?hﬁses of an OPO d|V|d§r 'nhantrology. In this paper, we present and characterize an alter-
all-optical manner, one of the output waves can be phasgyq approach to all-optical frequency division by 2.

locked by injecting another wave, similar to injection locking Contrary to former work, this divider maintains full wave-

length flexibility, which is demonstrated by dividing an arbi-
trary near-infrared frequency from a tunable diode laser. This
*Electronic address: p.gross@utwente.nl flexibility is obtained by using quasi-phase-matching in an
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Littman matching (QPM) in a crystal of periodically poled lithium
IEI:> EOM niobate (PPLN). Contrary to the common choice of type-I
ECDL QPM (parallel polarizations for accessing the largest nonlin-
ear coefficient of the crystglwe decided for type-lIl QPM
with crossed polarizations of the signal and idler wave. This
TA choice is expected to significantly narrow the spectral gain
@ bandwidth and thus enable a spectrally stable operation of
the OPO also near frequency degeneracy. For type-lIl QPM,
the 50-mm-long PPLN crystal carries a poling period of
10.1 um for frequency-degenerate operation of the OPO. In

QWP this case, one of the subharmonic waves is ordinary polar-
ized (parallel to the pump waye while the other subhar-
PPLN PZT » monic wave is extraordinary polarized; hence, throughout
this paper we term the two subharmonic waves the e-wave
L Ml M2 and the o-wave. The crystal faces are intentionally wedged at

about 0.72° with respect to each other, such that a transverse
FIG. 1. Setup of the divide-by-2 OPO. Littman ECDL, Littman diSPlacement of the crystal can be used to fine-tune the op-

external cavity diode laser; FI, Faraday isolator; EOM, electro-opti(,Ilcal length of the crystal in the OPO cavity. _
modulator for electronic stabilization of the OPO cavity length; TA, ~ The crystal is placed at the center of a symmetric two-
tapered amplifierL, lens;M1, M2, cavity mirrors; PPLN, periodi- Mirror linear cavity, where the two mirrors each have a ra-
cally poled lithium niobate crystal; QWP, quarter-wave plate; PzT,dius of curvature of 50 mm and are separated by 120 mm,
piezo transducer. which provides a beam waist 0f,=46 um for the funda-
mental cavity mode of the pump wave. The pump input mir-
ror M1 is highly reflective for the OPO subharmonic waves

unusual (type-1l) polarization geometry. We measure the dh - ¢ 150 h | h Th
locking range as a function of the strength of mutual signal2"d has a transmission of 15% at the pump wavelength. The

idler injection, which can be continuously adjusted via thePutput coupling mirro_rl\/l2 is highly ref_lective at the pump
rotation of a cavity-internal quarter-wave plate, as in Ref Vavelength and provides output coupling of each of the sub-

[12]. We present the first measurement of the subharmoni armor)ic waves of 1%. For stable cw operati.on, the cavity
phase difference in a self-phase-locked OPO as a function ¢f9th is stabilized to the pump wavelength with an electro-
time, which allows for a determination of the divider's re- OPtic modulatofEOM) and a piezo transducéPZT) behind

: ; o : : M2 using the Pound-Drever-Hall techniglE/].
sidual frequency instability. With this we observe the fre- . )
quency instability of the divider to be as low ax80718 for A quarter-wave platéQWP) in the OPO cavity serves for

a measurement time interval of 40 s. Our monitoring of the2n adjustable amount of mutual injection of the two subhar-

phase difference and output power ratio of the subharmonif!oNic Waves. The QWP is antireflection coated for the pump
waves shows excellent agreement with the theory on sel@1d subharmonic wavelengths.
phase-locked frequency division by 2. This proves that the
divider’s phase difference, which depends on the detuning of
the cold cavity modes from the pump frequency exactly di-
vided by 2[13,14, can be easily monitored via the subhar- When the OPO is operated without the intracavity
monic power ratio. quarter-wave plate, the threshold pump power is approxi-
mately 140 mW and the output power is about 4 mW for
each of the subharmonic waves at the maximum available
Il. EXPERIMENTAL SETUP AND CHARACTERISTICS OF pump power of 360 mW. Increasing the output coupling
THE OPO from 1% to 2% for the subharmonic waves, the OPO gener-
A. Setup ates 16 mW of subharmonic power, but at the same time the
: threshold increases to 170 mW.

The experimental setup of the OPO frequency divider is The OPO output power has been measured with the
shown in Fig. 1. The frequency to be divided is provided byquarter-wave plate being inserted into the cavity and set to
a single-frequency AlGaAs diode master-oscillator power-various rotation angles. The values obtained for the slope
amplifier (MOPA) system with a wavelength tuning range of efficiency and the threshold pump power are used to deter-
about 25 nm around 800 nfi5]. The master oscillator is a mine the experimental cavity losses as described in[REF.
single-stripe diode laser in a Littman external grating cavityFrom these measurements, we obtain about 6% single-pass
[16]. Via rotation of the feedback mirror, we have set thelosses for the e-wave and about 6.3% for the o-wave. The
output wavelength to a value of 801.8 nm, at which a neapassive single-pass losses for the pump without the QWP are
diffraction-limited output beam with a maximum power of 8.7%, and inserting the QWP causes an increase of the pump
360 mW is available behind the amplifier and a 60-dB opti-losses to 10.1% +0.25% per degree of the QWP rotation
cal isolator. angle. With these passive losses and using a mirror with 1%

The triply resonant two-mirror OPO is similar to the one output coupling for the subharmonic waves, the OPO can be
described in Ref[12]. The OPO is based on quasi-phase-operated with a QWP rotation angle of up to 6° at the given

B. OPO output power
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L eral position—a rather limited range of continuous tuning of
L e-wave
"L

= 1660 . - - the electronic Pound-Drever-Hall cavity stabilization. How-
E "-.._ ever, changes of the optical cavity lengths for the e- and
2 1640 --,_9—wave . o-waves are not fully compensated, such that these waves
0 'S tune with respect to each other. In the case that the OPO is
§ 1620 free running—i.e., not phase-locked—the resulting change of
L the e- and o-wave cavity modes is observable as a tuning of
S 1600 the e-o-beat frequency.

Q By applying only either one tuning method separately—
E 1580 i.e., by changing the crystal temperature or the crystal’s lat-
=

i)

7

1560+ . the beat frequencyup to 36 MH32 is achieved, which un-
. T T avoidably is followed by a subharmonic mode hop seen as a
120 140 160 180 200 jump of the beat signal by 1.7 GHz, corresponding to twice
crystal temperature (°C) the free spectral range of the cavity. By combining the two

tuning methods, however, their continuous tuning ranges can

FIG. 2. Subharmonic wavelengths as a function of the crystabe iteratively overlapped, yielding a continuous tuning range
temperature. Symbols: measured values. Solid line: theoretical turef the beat frequency over more than 400 MHz. This is well
ing derived from the Sellmeier coefficients given in R@)]. sufficient to tune the OPO frequencies into and through the
entire locking range, with any given starting constellation of

maximum pump power. All of the experiments described be£avity detunings.
low are carried out using this setup.

I1l. EXPERIMENTAL RESULTS
C. Wavelength tuning
A. Locking range
The OPO output wavelengths were coarsely tuned by

changing the crystal temperature. Figure 2 shows the wave- In order to measure the locking range, the beat frequency
length tuning, measured with an optical spectrum analyzeis tuned toward zero using the described iterative tuning. In
(OSA). By changing the crystal temperature from the vicinity of zero beat frequency, the bea_t signal is ex-
123 to 197 °C, the wavelength of the o-wave decreases frofd€cted to vanish when optical self-phase-locking ocf25

1653 to 1590 nm, while the e-wavelength increases from Figure 3 shows the measured beat signal power as a func-
1557 to 1620 nm. At a temperature of 181.5 °C, the wavelion of the beat frequency for the two cases that the quarter-

length curves intersect at the doubled value of the pumpvave plate rotation angléqwe was set to 01Fig. 3(a)] and
wavelength—i.e., at 1603.6 nm. to 3°[Fig. 3(b)]. The black curves in both graphs are max-

With the described tuning and within the resolution capaold traces recorded with a hold time of 45 min for a deter-
bility of the OSA it is possible to bring the subharmonic Mination of the locking range, while the gray curve denotes
waves as close to wavelength degeneracy as 0.05 nm, whi¢Re background noise level, which was measured with the
corresponds to a frequency difference of the e- and o-wavehotodiode blocked.
of 6 GHz. This is, however, too coarse to reliably tune the For the two rotation angles, the beat frequency was tuned
OPO across its range of self-frequency-locking, which is ex2ver the displayed range of 400 MHz by varying the crystal
pected to be on the order of 100 MHz. To enable a measurdémperature and consecutively adapting the crystal lateral
ment of the frequency difference between the two subharPosition. Note that an rf beat power measurement yields only
monic waves on a MHz scale, we observe their beaf Single-sided power spectrum. Therefore, for recording each
frequency. For this, the two subharmonic waves are projecte@f the two traces shown, the beat frequency tunes in two
onto a common polarization axis using a polarizer and theglirections: namely, first with the beat frequenggcreasing
directed onto a fast photodiode, followed by an rf amplifierfrom 200 MHz to zerdwhile increasingthe crystal tempera-
and an rf spectrum analyzer. ture from 178.58 to 178.78 °}Cand then with t'he b.ea'g fre-

If the OPO subharmonic frequencies and v, are suffi- ~ guencyincreasing from zero to 200 MHz(while still in-
ciently close to each other such that their beat can be deeasingthe temperature from 178.78 to 178.88) €rom
tected with the used setufpe., ov=|ve— 1 <2.5 GHz as this pbservatlon, the two mea;urements can be aSS|gm_ed un-
given by the cutoff frequency of the photodiode amplifier ambiguously to the. two opposite sides of the beat amplitude
the beat frequency is further tuned towards zero. This i$Pectrum, and in Fig. 3 the two measurements are plotted as
achieved via combined changes of the crystal temperature
and a lateral translation of the crystal. The latter results in @ e note that when the cavity length is stabilized to an even
change of the crystal length, due to the wedged crystal facegymper of half wavelengths, there is a set of beat frequencies with
Each of the two tuning methods simultaneously changes thgpacing 1.7 GHz and that there is a second set of beat frequencies
optical cavity lengths of the e-wave, the o-wave, and theith the same spacing, but located in between the first set for an
pump wave, though with a different rate. We note that aodd number of half pump wavelengths. By interrupting the Pound-
change of the optical cavity length for the pump wave isDrever lock, one can switch between the two sets, one of which
fully compensated by a piezo translation of mirf2 due to  contains a beat frequency below 425 MHz.
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FIG. 4. Measured self-phase locking range of the OPO as a
function of the QWP rotation angle.

The described measurement of the locking range has been
repeated for various different rotation angles of the QWP—
i.e., for different strengths of mutual e- and o-wave injection.

J Figure 4 shows the measured locking range of a function of
70k . e W _ 1 the QWP rotation angle. An experimental error of +1° is

2200 -100 0 100 200 given by the tiny wave-plate mount that had to be used, due

to the limited space inside the OPO cavity. It can be seen

beat frequency (MHz) that, increasing the QWP rotation angle, the locking range

FIG. 3. Measured beat frequency spectra for a quarter-wavgIcreases ste_adll_y. Th_e Iarges_,t locking range mea})sured IS
plate rotation angle ofa) Joup=0° and(b) Jowp=3°. The beat 160 MHz, which is achieved with a QWP angle of 6°.
signal power is displayed as a function of the beat frequency by the
black curves, and the gray curves are the background noise level,
recorded with the photodiode blocked.

=N
=

beat power (dBm)

B. Frequency stability

The frequency and phase stability is a most important
two halves of a two-sided beat frequency spectrum, in whicleharacteristic of a frequency divider, as it states the precision
the crystal temperature increases from left to right by 0.2 °Cpne can expect for the frequency-division process of the
while the beat frequency changes from —-200 MHz to pump frequency into the subharmonic frequencies. This pre-
+200 MHz. cision may be limited by residual fluctuations, with which

Before we turn to the interpretation of the beat spectra wéhe subharmonic frequencies deviate from the pump fre-
note that there are also a sharp central peak and a number @fiency exactly divided by 2.
dips observable in both Figs(88 and 3b). The central peak The most direct method to characterize the frequency sta-
is caused by dc noise pickup as is intrinsic to all rf measurebility of the divider is to compare the input frequency with
ments. The smaller dips appearing with approximately reguthe output frequency in a beat measurement. This, however,
lar spacing of 24 MHz could be linked neither to a decreasas not straightforward here, because the pump and subhar-
of the OPO output power nor to the iterative tuning. monic frequencies are largely different, such that prior to

From the upper spectrum in Fig(a} it can be seen that superimposing the inpufpump and output(e.g., the e-
the beat signal was observable with generally 30 dB abovaave), the output would have to be frequency doubled. This
the noise level within the entire tuning range of 400 MHz. has two disadvantages. First, doubling the frequency of one
Particularly, with the QWP rotation angle set to 0°, the OPQof the output waves would yield only very low poweeg the
could be tuned smoothly through frequency degeneracyjanowaitt level which would result in a low signal-to-noise
which proves the absence of self-phase-locking. In contrastatio. Second, in order to compare only the two desired
with the QWP rotation angle set to 3Fig. 3(b)], the beat waves, great efforts would have to be taken to filter out any
signal is strongly suppressed to the background noise leveesidual pump light and light of the other subharmonic wave,
within a 80-MHz-wide interval around zero beat frequency.to avoid a sum frequency mixing of the two subharmonic
This observation proves that the OPO is self-phase-lockedaves.
within that interval. The OPO operates stably within this We avoided these problems by comparing the two subhar-
self-phase-locked regime for typically 15 min, before the re-monic waves with each other in a beat measurement. A suit-
appearance of a nonzero beat signal indicates that lockingpble method for the measurement of a frequency difference
has ceased. The measured interval of beat suppression isf for example, the measurement of the bandwidth of a beat
80 MHz corresponds to a full locking range of 80 MHz for signal, as has been demonstrated in former experiments,
the set QWP rotation angle of 3°. when the beat signal of the subharmonic waves of a self-
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FIG. 5. Setup of the Hansch-Couillaud-detector. QWP, quarter- (b)
wave plate with fast axi§ set to 45°; PBS, polarizing beam split-
ter; PDA and PDB, photodiodes.

phase-locked divider OPO was shifted out of the dc noise

peak at zero beat frequency with an acousto-optic modulator

[10,21]. In those experiments, however, the measurement

was limited by the 10-Hz resolution of the used rf analyzer.

Here, we employ an improved measurement method:

namely, a phase-sensitive detector scheme that measures the

relative phases of the OPO output waves—i.e., the phase 0 ’ - ' :

difference @.—¢,. For measurement times considerabl 0 ! 2 3 4 5
Pe™ Po y .

longer than the cavity lifetime, the measurable fluctuation of time (ps)

the e-o-difference phase equals 2 times the deviation of ei- . - . T

ther one of the subharmonic-waves phases from the target

phase; g, (t).

The phase-sensitive detector scheme we employ to mea-
sure the relative phase stability of the OPO output waves was
introduced by Hansch and Couillaud in 19822] for the
purpose of electronic cavity stabilization. The setup of the
Hansch-Couillaud detect¢HC detectoy is shown schemati-
cally in Fig. 5. The two OPO subharmonic waves pass a
quarter-wave plate, which is set such that its fast axis forms
an angle of 45° with either one of the OPO waves. After .
passing the QWP, the beam is sent to a polarizing beam 00 10 20 30 40
splitter, followed by two fast germanium photodiodes with a time (s)
cutoff frequency of 500 MHz. The two photodiode currents
are electronically processed to yield their sum and differ- FIG. 6. (a) Measured signals of the HC detector as a function of
ence. time while the OPO is not locke@vithout QWB, (b) and(c) phase

This way, the difference signal varies as a cosine functiortifference retrieved from the HC signal while the OPO is phase
of the phase differencep.— ¢,). The amplitudes of both sig- locked (with the QWP set to 32
nals are proportional to the geometrical average of the e- angh
o-wave intensities. Therefore, if we divide the difference by

the sum signal, this yields an output that is independent o he first example of Fig. @), the quarter-wave plate is not

the output power of the OPO. Note that it is not possible toyet inserted in the OPO cavitfand thus the OPO is not

distinguish the two different phase steady states a divide[-)hase locked It can be seen that the frequency difference
by-2 OPO can assumgl4], as the phase differencep,

4 : . signal varies much slower than the cutoff frequency of the
~,) determined by this detector is equal for both statesHC detector photodiodes, as was also confirmed by measur-
Note also that the HC difference signal can be related unamning the beat signal with the rf analyzer. The regular oscilla-
biguously to a phase difference only moduto For the ob-  tion of the cosine-shaped HC signal is an indication of an
servation of the drift of the phase difference of the divider'sapproximately constant frequency difference between the e-
subharmonic waves, however, this is fully sufficient, as theand o-waves. From the measurement in F{g) @/e obtain a
phase differencégp.—¢,) remains within an interval ofr  period of the cosine function of 0,2s, which corresponds to
during self-phase-locked operation of the OPO. a beat frequency Ofye.=|ve—vo|=5 MHz.

Figure Ga) shows an example of the HC difference signal In contrast, Figs. @) and &c) show two examples of the
measured as a function of time, while Figgbsand Gc) phase difference.— ¢, obtained over different measurement

/2

P. - P, (rad)

ow two examples of the retrieved phase differeineg, the
ifference signal divided by the sum sighakrsus time. In
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intervals when the OPO was phase locked. During thesenent[6,8]. In our case of all-optical phase locking there is
measurements, the intracavity quarter-wave plate was set tw beat signal available, which could serve as the error sig-
3°, and phase locking was verified by observing a 27-MHznal. Thus it is required to identify a suitable error signal,
beat frequency after frequency shifting one of the outputwvhich contains information about the divider’'s slow drift
beams using an acousto-optic modulator operating at thiwithin the locking range.

frequency of 27 MHz. The graphs show two examples for a In the following, we show that the power ratio of the
shorter measurement time interval ofs [Fig. 6(b)] and for ~ subharmonic output waves can be used to monitor the drift
a much longer measurement time interval of 4Fig. 6(c)]. of the self-phase-locked OPO within its optical locking
From the example shown in Fig(l§, one can see that the range. For this we recall that in self-phase-locked operation,
phase difference is essentially constant over the measuréhie OPO subharmonic phases attain steady-state values
ment time of 5us. During this time, the phase difference which are functions of the cavity detunings andA,. The
stays within an interval of less than 0.02 rad. This phasehase difference is given Hgee, e.g., Eq5) in Ref.[12],
difference stabilizatiofin contrast to Fig. @)] indicates that Eq. (2.14) in Ref.[13], or Eq.(10) in Ref.[14]]:

the OPO is self-phase-locked and that the pump frequency is

phase coherenthydivided by 2 into the subharmonic fre- 1 A A
quency. ¢e—90o=0tarcco{—<xe\/—°—;<0\/—e> )]
Over the long measurement period shown in Fig),6a 4y Ae Ao

slow drift of the phase difference can be seen with also some ere k. and x, are the cavity decay rates for the e- and

faster phase fluctuations. During the measurement interval Qf—waves, and the parametes is a measure for the coupling

40's, the phase difference increases by a total of aboWrength between the two waves and increases with the ex-
0.71 rad. This corresponds to an average temporal rate Qferimentally adjustable angle of the quarter-wave plate’s fast
change of the phase differendre—¢,) Of as low as a5 gis a phase shift the subharmonic waves acquire while
0.018 rad/s or 2.8 mHz. Dividing this value by the subhar-yayeling through the QWP and, as it is just a constant in Eq.
monic wave frequency, we obtain a residual frequency instac1) should show in an experiment only as an offset. For the
bility of the e-wave with respect to the o-wave of 1.5 given experimental parameters and a QWP rotation angle of
X 1077, This corresponds to a residual phase fluctuation o °, we have derived the following numbers, which will be

the e-wave(or the o-wave with respect to a pump wave ysed for a comparison of experiment and theorg
exactly d|V|_ded b)_/_2 of 1.4 mHz _ar_1d to a residual fractional=114 MH_z, Kko=117 MHz, andy,=12.1 MHz.
frequency instability of the division process of about 8  pyrthermore, the ratio of the e- and o-wave intracavity
X10*%in 40 s. photon numberd\, and N,, which are proportional to the
output powersP, and P, is a function of the cavity detun-
C. Phase difference and power ratio within the locking range ings A and A, [14]
With our present setup we have shown that phase- A N P
coherent division by 2 can be realized with a self-phase- —L2-_E-_t (2)
locked OPO over tens of seconds. This time span is probably Ae No Po
limited by a residualtempora) drift of the OPO setup pa-
rameters, which ultimately causes the OPO to leave the lock-laving both the phase difference and the power ratio ex-
ing range. It has been shown theoreticlly3,14] that lock-  pressed as functions of the cavity detunings, a measurement
ing ceases if the ratio of the cavity detunings—i.e., theof the output power ratio should reveal the phase difference
detunings of the closest cold cavity modes of the e- andnd should also enable one to monitor the OPQO'’s drift within
o-waves from the pump frequency exactly divided byits optical locking range. To measure the expected depen-
2—drift out of a certain intervalC; <A./A,<C,, whereA,  dence of the relative phase and the power ratio we change
and A, are the cavity detunings for the e- and o-waves, rethe cavity detunings by scanning the lateral position of the
spectively, and wher€, andC, are constants given by con- wedged crystal using a piezoactuator. To enable a simulta-
struction parameters of the OPO cavity. neous measurement, a 50% portion of the OPO output is sent
For an application of the OPO divider—e.g., in a fre-to two germanium photodiodes behind a polarizing beam
quency metrology experiment—an operation time span ofplitter for recording the power ratio. The remaining part of
tens of seconds is not sufficient, because a reliable divisiothe OPO output is used for a measurement of the OPQO's
would be required over much longer time intervals, such aphase difference with the HC detector, as was described be-
hours and days. However, as the drift is rather slow, withfore in Sec. Il B.
typically tens of seconds compared to the response time of While scanning the crystal position with a triangular func-
the self-phase-lockindi.e., the inverse locking range of tion, two photodiode signals for measurement of the e-wave
about 10 n¥ a slow controllefe.g., computer basgdvould  and o-wave power, and the difference and the sum signal of
be sufficient to counteract this residual drift, preventing thethe HC detector where recorded together with the piezovolt-
OPO from leaving the locking range. age using a data-acquisition card. These five signals were
Such a control loop would require a different type of errorrecorded with 2000 data points per second each, while the
signal than the actively phase-locked frequency dividersODPO was self-phase-locked, with the QWP set to a rotation
where the error signal is usually obtained via a beat measurangle of 3°.
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2.4xm . . . . . . ment. At the same time, it has been demonstrated that these
(a) detunings can be controlled via external parameters, in our
2.2xm} . case the translation of the crystal. Combined, this forms a
P valuable tool which should enable to stabilize the self-phase-
g 2.0xmp 1  locked operation of the divider against thermal drifts of the
~ cavity length. This could be realized, e.g., by employing a
&° 1.8ar i slow (possibly computer-basgdervoloop, which receives
& its error signal from a measurement of the power ratio and
1.6xmf . . .
which would control the crystal position.
1.4xnr _
IV. SUMMARY
' ' ' ' ' ' We have presented the experimental realization of
(b) wavelength-flexible frequency division by 2 based on a self-
0.85F g phase-locked cw OPO. Self-phase-locked frequency division
|| by 2 was proven by measuring the suppression of the beat of
- 080k k 1 the two OPO output waves in a range around zero beat fre-
a” \ quency. Typically, the divider operates within the stable self-
" phase-locked state for 15 min before it falls out of self-
A 75k . locking due to a thermally induced drift of the cavity length.
The locking range has been measured to increase in propor-
tion with the QWP rotation angle, and the largest locking
0.70F T range achieved at a QWP angle of 6° was 160 MHz.

et e The frequency stability of a frequency divider has been
-10 -5 0 5 10 15 20 o .
.\ quantitatively determined by a measurement of the phase
lateral crystal position (pm) difference of the two subharmonic waves. This measurement
. . . yielded a residual thermal drift of the relative phase of the

FIG. 7. (8) Phase d'frpirence arith) pow?r ratio as a function of two subharmonic waves of 0.7 rad in 40 s. This corresponds

g‘ae c ;?ttir;l) rgt?gﬁl ! f;iﬁ'gt]é dB\llz(l:lz(egace' measured values. Gra¥o an extremely low residual fractional frequency instability
' y ' of 8x 10718 of the divide-by-2 OPO.

In Fig. 7(a), the measured phase differengg- ¢, is dis- For the first time, the subharmonic phase difference and
played as a function of the lateral crystal position by thethe output power ratio of the self-phase-locked divider OPO
black trace. The gray trace is the theoretically expected phadeave been measured as a function of the cavity detunings,
difference fit to the experimental data, which has been calwhich were piezocontrolled via a transverse translation of the
culated using Eq(1). The free parameters used in the fit arenonlinear crystal. The experimental data are in excellent
a constant crystal temperature offset, a constant offset for thegreement with theory. In particular, due to its experimental
phase difference, and a constant offset for the lateral crystaase, it seems of interest to measure the output power ratio of
position. As can be seen, the experimentally observed phaske e- and o-waves as an error signal for a slow electronic
difference is in full agreement with the theoretical prediction.servoloop. Such a loop could act on the transverse displace-
In Fig. 7(b), the black trace shows the power ratio, which ment of the crystal, with the goal of maintaining the OPO
was measured simultaneously with the phase difference, asvéthin its self-locking range for extended times, from which
function of the crystal position. The gray trace is the theo-a significant improvement of the long-term stability of the
retically expected power ratiffrom Eq. (2)], fitted to the divider can be expected.
experimental data for the same crystal temperature and using
the same offset for thg crystal position as in Figp)7Here, . ACKNOWLEDGMENTS
the only fit parameter is a constant factor for the power ratio,
which takes into account, e.g., the different losses and detec- The authors acknowledge financial support by the Dutch
tion efficiencies for the two power signals. Again, there is aStichting voor Fundamenteel Onderzoek der Matéri@M)
good agreement between the measured power ratio and tiaed by the Deutsche ForschungsgemeinsctaiG). We
theoretical prediction. thank Professor Dr. R. Wallenstein for his generous loan of

The presented measurements and their agreement wigquipment. We gratefully thank Dr. H. L. Offerhaus for
theory show that it is possible to monitor the e- and o-wavestimulating discussions on the working principle of fre-
cavity mode detuningsithout the need of a beat measure- quency dividers.
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