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Phase-coherent all-optical frequency division by three
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The properties of all-optical phase-coherent frequency division by 3, based on a self-phase-locked
continuous-wavecw) optical parametric oscillatofOPO), are investigated theoretically and experimentally.
The frequency to be divided is provided by a diode laser master-oscillator power-amplifier system operated at
a wavelength of 812 nm and used as the pump source of the OPO. Optical self-phase-locking of the OPO
signal and idler waves is achieved by mutual injection locking of the signal wave and the intracavity
frequency-doubled idler wave. The OPO process and the second-harmonic generation of the idler wave are
simultaneously phase matched through quasi-phase-matching using two periodically poled sections of different
period manufactured within the same LiNp@rystal. An optical self-phase-locking range of up to 1 MHz is
experimentally observed. The phase coherence of frequency division by three is measured via the phase
stability of an interference pattern formed by the input and output waves of the OPO. The fractional frequency
instability of the divider is measured to be smaller than<716~ for a measurement time of 10(gesolution
limited). The self-phase-locking characteristics of the cw OPO are theoretically investigated by analytically
solving the coupled field equations in the steady-state regime. For the experimental parameters of the OPO, the
calculations predict a locking range of 1.3 MHz and a fractional frequency instability &f106', in good
agreement with the experimental results.
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[. INTRODUCTION The precision of such frequency division is characterized
by the divider’s stability, i.e., the deviation of the idler fre-
Continuous-wave (cw) optical parametric oscillators quency from the exactly divided pump frequency. While the
(OPOs are widely tunable sources of coherent light in thephase sumpgs+ ¢, of the idler and signal waves adiabati-
near and mid infrared. In addition to their importance forcally follows the pump phase, the phase differegee- ¢,
applications in high-resolution spectroscopy, cw OPOs areindergoes a diffusion proceg3|. In order to achieve phase-
also promising candidates for wavelength-flexible, phaseeoherent frequency division, this diffusion has to be sup-
coherent, all-optical frequency dividers and synthesizers fopressed by some phase-locking mechanism. The residual
high-precision optical metrology, due to their high efficiency, variance of the phase difference then determines the divid-
high resolution, and high precisidi]. er’s stability. The required phase coherence of the idler with
Recently, a phase-coherent link between the current timeespect to the pump field oscillatigand thus of the division
standardmicrowave atomic clock based on )Gand optical by an integer numbgrcan be achieved either by an elec-
frequencies in the visible and near-infrared range has beeonic or by an optical phase control of the OPO fields.
realized by using a cw mode-locked laser followed by wide- In the case of an electronic control, the frequency and
band optical comb generation in a nonlinear fib2r Nev-  phase difference between the signal and idler waves needs
ertheless, in order to measure with the same precision arfjrst to be determined via a beat measurement which gener-
unknown optical frequency lying further in the infrared than ates a rf error signal, if the signal and idler frequencies are
the frequency comlti.e., beyond 1.5um in the mid infra-  sufficiently close to each other. The electronic error signal
red), subsequent steps of phase-coherent frequency divisiazan then be used to control the OPO frequencies and phases
are required. A promising candidate for this task is all-opticalvia a tuning element in the OPO setup, e.g., a piezoelectric
division by the integer number 2 or 3 using a cw OPO. Suchransducer, which controls the OPO cavity length. For a di-
phase-coherent division of a visible or near-infrared fre-vision by 2, based on an OPO tuned close to degeneracy, a rf
qguency from a comb or a laser can be realized by an OP@rror signal can readily be achieved by directly beating the
with the mid-infrared idler frequency tuned to precisely one-signal with the idler wavé4]. Electronically controlled divi-
half or one-third of the pump laser frequency. sion by 3 is more involved, because the idler wave needs first
to be frequency doubled before a beat with the signal wave
can be measured in the rf rangg6].
*Present address: KAIST, Center for Electro-Optics, Guseong- Another problem with electronically phase-locked divi-
Dong, Yuseong-Gu, 305-701 Daejeon, Republic of Korea. sion by 3 is a slow response time, which limits the stability
"Present address: Nederlands Centrum voor Laser Researobf the divider. The optical power available after externally
NCLR b.v., P. O. Box 2662, 7500 CR Enschede, The Netherlandsfrequency-doubling the OPO idler output wave is low, typi-
*Corresponding author. Email address: p.gross@tn.utwente.nl cally in the nanowatt range, such that the rf error signal
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needs to be averaged over milliseconds to seconds for a suf- . Ll (L2 S+§°

ficiently high signal-to-noise ratio in the feedback loop. An- —_— orPO | sHG —:

other limitation could be the response time of the piezoelec- ) i

tric transducer, which also lies on the order of milliseconds. M1 nfc’;’hsftlglar I+l
y

An all-optical phase locking does not suffer from these
restrictions. It rather offers a response as fast as the inverse
bandwidth of the OPQO’s cold cavity modes, which is on the OPO
order of tens of nanoseconds.

To control the phases of an OPO divider with all-optical y | DFM !
methods, one of the output waves is phase locked by inject- do |i 1l o
ing another optical wave, similar to injection locking of la- : !
sers[7]. If the injected wave is generated by the OPO itself, I M B E P
the method is termed self-phase-locking. The most obvious L frequency
example for such self-phase-locking is a frequency- o ___ i
degenerate, type-I phase-matched cw OPO, where the signal i SHG i
and idler wave polarizations are parallel, such that the signal 1 2 3
wave phas,e',lOCkS the idler wave and,v'ce ve[rS]a Fre- FIG. 1. Scheme for an OPO with intracavity idler SHG for
quency division by 2 can also be aCh'eV‘?d with a _type'”frequency division by Jupper part, M1, M2 are cavity mirroxs
phase-matched cw OPQith orthogonal signal and idler gng frequency diagram of the involved nonlinear proceéssger
polarization by introducing a wave plate in the OPO cavity pary. By SHG of the idler wave, the waveS' is generated, which
[9]. is separated from the signal wagby dw. At the same time, via

All-optical division by 3 was recently demonstrated in our pFM of the doubled idler wave with the pump wave, a field)(is
previous work with a cw OPO, where the signal wave isgenerated that deviates frdnagain bydw. For further details, refer
injection locked through the intracavity frequency-doubledto the text.
idler wave [10,11]. In Ref.[12], a theoretical model was
developed and numerically evaluated to analyze its steadyant for the pump(P), signal (S), and idler(l) waves. We
state and dynamics. Here, we use a different approach tgssume that the crystal simultaneously provides phase
analytically predict the self-phase-locking behavior of ourmatching for the OPO process and for SHG of the idler
divider OPO, and we compare the predicted locking ranggvave. Further details on such a crystal will be described in
and frequency stability with experimental results. We measgec. |II. Via the OPO process, the pump frequensy is
sured an Optical |OCking range of the OPO between 0.5 and a|v|ded into a Signa| frequenays and an idler frequency)l
MHz, depending on the setup, and we measured a fractiong|ith the ratiowp : ws: w, of approximately 3:2:1. By SHG of
frequency |nstab|l|ty Of the diViSion Of Sma”er than 7.6 the id|er wave, an additiona' Wav§’0 at the frequency al

o —_

X 10" **for a measurement time of 10(esolution limited. s generated, which is close to the signal frequesgy The
These experimental results agree well with the theoreticallyifference between the two light frequencies is defined as
predicted values. dw=wg—2w,. Due to phase matching of the idler SHG,

In the next section, we derive analytical expressions fOI"difference_frequency mixing DFM) of the doubled idler
the locking range and the frequency stability of the self-yayes’ with the pump wave should enable the generation of
phase-locked OPO by solving the coupled field equations iRy fie|d with a frequencywp— 2w, (labeled!’), which devi-
the steady-state regime. In Sec. lll, we describe the experiies fromw, again bysw. For an overview, these nonlinear
mental setup to measure the locking range and stability ofrocesses are indicated in the lower part of Fig. 1 by arrows.
the frequency divider, and we discuss the results obtained | the frequency differenceSw is adjusted by tuning the
with this setup. phase-matching wavelengths and the cavity length of the
OPO, such thatbw becomes smaller than a characteristic
frequency differencéwe, i.€.,|dw|< Swioek, ONE EXpECtS
injection locking of the signal and idler waves by the waves

The basic concept for optical self-phase-locking is injec-S’ and|’, respectively. The full interval of &we Within
tion locking [7] of a cw OPO by an optical wave whose which injection locking occurs is called the locking range.
frequency is close to the signal or idler frequency. For theThis injection locking of the OPO waves is analogous to the
present example of optically self-phase-locked division by 3well-known injection locking of laserf7]. In a laser injec-
we use a cw OPO, where intracavity frequency doublingtion locking occurs if the frequencies of the injected wave
[second-harmonic generati¢BHG)] of the idler wave gen- and the free-running wave of an oscillator lie within the
erates the injected field to phase-lock the signal wave of théocking range. In this case the free-running wave assumes
OPO. The schematic setup of the experiment is shown in thprecisely the frequency of the injected wave. The same
upper part of Fig. 1, while the lower part shows a corre-should occur in an OPO, with the difference that, in the
sponding frequency diagram of the nonlinear processes ireonsidered OPO injection locking, both waves are generated
volved. by the same process, namely, optical parametric oscillation.

The OPO consists of an optically nonlinear crystal in aThis situation can thus be termed self-injection-locking. In
linear two-mirror cavity. The cavity is assumed to be reso-the case that the signal and the idler waves are injection

Il. THEORETICAL ANALYSIS
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locked by the wave$§' andl1’, the pump, signal, and idler Sw=3Al
waves should oscillate with the exact frequency ratio of 2
wp wg:w;=3:2:1. Thecorresponding signal and idler fre-
guencies are indicated in Fig. 1 by dashed lines.

If the free-running wave of a laser is injection locked, its
phase is also determined with respect to the phase of the
injected wave, i.e., both waves oscillate phase coherently. A
similar effect should be observed for a self-injection-locked
OPO: Without locking, the phasess and ¢, of the signal
and the idler waves are free with respect to each other. Only
their sum is determined by the phase of the pump wWa&ye
When the OPO waves are self-injection-locked, however,
their phase differencés— ¢, is determined as well. There-
fore, the three OPO waves oscillate in phase with each other,

and the frequency division of the pump laser can be called gig 2. pefinition of the frequency detunirg(considered, e.g.,
phase coherent_. for the signal wave After a maximization of the output power via

In the following, we start from the coupled wave equa-poth cavity detunings\s and A, , the signal frequencys of the
tions of an OPO with intracavity idler SHG, to derive ana- free-running OPO can be assumed to have zero detuning from the
lytically the locking range of the OPO and to determine itScold cavity resonance, symbolized by the Lorentz-shaped solid

theoretically expected frequency stability. line. A=wg—Qgis the detuning of the signal frequenay from
the exact two-thirds of the pump frequenfg=20,/3. The SH
A. Coupled field equations frequency of the idler wave can be calculated to b =2w,

=Qgs—2A. The difference between the frequencies of the signal

The nonlinear wave mixing processes taking place in thgyave and the frequency-doubled idler wave thus becowes
OPO can be summarized in the mean-field, plane-wave ap-= ;, — ¢, =3A.

proximation by three coupled equations for the OPO internal

i~ i — 1Qpt iQgt Ot
elec_trlc fleldq(t)—qp(t)e' PHgg(ete+g (e The the geometrical cavity length.,,, the geometrical crystal
carrier frequencie€lp, (g, and(), are chosen to posses the lengths L, and L, of the OPO crystal and the SHG

eX3Ct ratio Pf 3|:2:1‘ r.espectiv:ely. Thehgn;lplitudm_s, C}S’ h crystal, respectively, and the refractive indices of the crystal
andg, are slowly varying envelopes, which contain also the, A, are the detunings of the OPO’s cold cavity modes

frequency devigtion of the OPO fiel_ds_ from those carri_ersfr’é'm exact division by 3. A zero detuning of the pump cavity
.e., they contain the frequency deviation of the OPO lighty; ; e pump frequencyp=0 is assumed because in the
fields from phase-coherent division by as_.QS and o . experiment the pump cavity length is electronically locked to
—Q,. We chose)p,=wp, such that the carrier frequencies the pump laser wavelength

Qp, Qs, and ), are determined by the pump laser fre- 1, o estigate frequency division by 3, we only consider
quencywp . The coupled equations for the field amplitudes e case that the value 66 is so small that the fieldS and
can then be written as follows.3]: S’ (and thus alsdé andl’) fall within the same mode of the
dge 1 cold cavity, so that injection locking can occur. In the experi-
—=——(kp—iAp)gp+iDqsq,+F, ment we tuned the pump frequency and the cavity length
dt 2 such that the free-running OP@ithout measuring the idler
SHG frequencyoscillated with maximum output power and
thus minimum threshold. For this case we can assume that
both the signal and idler waves oscillate at the cold cavity
mode center frequencig¢44]. The light frequenciess and
dq 1 . . . N w, are detuned from the exact divider frequendikrsand(),
G- 2(«~i8)a+iDapgs TiGasar - (I py AgandA,, respectively, i.e.ws= Qs+ Ag and w, =,
+A,. From the two conditions of energy conservatian,
The field amplitudes), are normalized so that the squares of = ws+ w; andQp=Q0g+Q,, and fromwp=Qp, it follows
their absolute values give the intracavity photon numberghat the detunings\gs and A, are of the same value, but
N,=|a,/2, where the indicex=P, S and!| designate the Opposite sign. For the power-optimized OPO we can thus
pump, signal, and idler waves, respectively. The cavity decayeplace the signal and idler cavity detuning parameters by a
rates single parameteA with A:=Ag=—A,. The detuning\ cor-
responds to the deviation of the signal and idler light fre-
Ky =T IN[(1—To)(1—Tyo)(1—AY ]| (2)  quencies from the desired frequencies of the divider, which
lie at precisely two-thirds and one-third of the pump fre-
are defined with the power transmissiohg andT,, of the  quency, respectively. This definition of the frequency detun-
cavity mirrors M1 and M2, respectivelgee Fig. 1, and the ings is depicted schematically in Fig. 2.
passive single-pass lossed\,. F,=(c/2)[Lcat (L, With this definition ofA, the earlier considered frequency
+L,)(n,—1)] are the free spectral ranges of the cavity withdifference between the signal waand the idler SHG

qu 1 . . * 1
qr- E(KS_|AS)qS+|DqI Op+ E'GQ|Q| )
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waveS' can be expressed in terms dfas well, i.e., B. Locking range
In the following, the nonlinear coupled equatiofis are
Sw=wg— wg=ws— 20, =3A. 3 solved for the locking range, with the OPO cavity detuning

being a variable parameter, which can be independently ad-
justed in the experiment. The other construction parameters
pressed as @wiou=6A . For cavity detunings smaller of the OPO such as the cavity losses or the crystal’s nonIin_—
than the characteristic detuninfjoy, i.e., |A|<A g, one ear coeff|C|ent_, are fixed and can be derived from the experi-
ock lock mental setup in independent measurements of, e.g., the OPO

expects injection locking of the signal and idler waves by the
wavesS' andl’, respectively. threshold pump power or the OPO output power.

The pump ratd- is proportional to the square root of the For a simplificafion of th? equations, we assume that the
external pump laser powd?, times the pump input trans- change of the steady-state field amplituglénduced through

o . / ) the idler SHG and the signal-idler DFM processes can be
mission T of the cavit mirror  M1: F? . . .
=]—'pr1(PpP/1ﬁwp). Assuming ph;se matching, the nonlin- neglected with regard to the gain of the OPO process. This

ear coupling coefficienD for the OPO process is defined as approximation of weak idler SHG is well justified for our .
experimental setup, where we measured that the power ratio

of the frequency-doubled idler wave and the signal wave is
_ er) J2hTegV /i 4 smaller than—25 dB. With weak idler SHG, we can regard
~ 4npngn, (2h/e0 1)“’P“’Sw'k L’ @ the complex quantityGg, on the RHS of the last two equa-

tions in (1) as being constant, and defime=iGq,. This
complex parametet can be seen as an optical injection term
between the signal and idler fields, similar to the one intro-
duced by Fabret al. to describe self-injection-locking of a
type-Il OPO by 2 dividef15]. Considering steady-state con-
ditions [i.e. zero time derivatives on the LHS of Eq4)],
one obtains four linear coupled equations dgrandq, and
their complex conjugategg andq;' :

Consequently, the full locking rangeéa,,, can be ex-

wheredgy is the effective nonlinear coefficient, the vol-
ume of the nonlinear interaction, amg the refractive indi-
ces.

The last terms on the right-hand siRHS) of the second
and third lines of Eqs1) describe the additional SHG of the
idler wave 3iGq,q, and signal-idler difference-frequency
mixing (DFM) iGqgq; . These processes contribute the fre-

guency componentS’ and|’ close to the signal and idler 1 1 _
waves. In analogy to Ed4), the nonlinear coupling coeffi- E(KSHA) —5¢ 0 —iDgp
cient for the DFM process and for the idler SHG process is
iven b 1 )
deff(2) Zfl 2( L2 ) . 1 1
= —_— 0 iDgp —(Kg—i ——g*
4nsn|2 80V2 WS Lcav ’ (5) qP 2(KS |A) 28
1
- .
with the effective nonlinear coefficienly, and the volume iDgp 0 & 5 (ki +i4)

of nonlinear interactio’/, of the SHG crystal.

The coupled field equations can be solved for two very ds
different regimes of oscillation. First, there is the regime of a,
oscillation where the frequency difference between the signal X as
wave and the idler SHG wave is larger than the locking qr
range, i.e.,|w|> dwo and, equivalently]A|>A . In !
this case, the solutions for the field envelopes in Ebswill
not be stationary, but goeriodig function of time, which  This set of equations has a nontrivial solutitre., q,# 0,
means that the frequency division by the OPO is not phas@ith x=S,1) only if the determinant of the matrix on the
locked. LHS is zero. To calculate the determinant, the complex field

In the second regime of oscillation, where the detuning i%mp"tudewx are Separated into real, positi\/e amp”tuﬁes
within the locking range, i.e}A|<A, the solutions of and real phases, by settingg,=b,e'?x, and the complex
Egs. (1) will be time independent, indicating that the signal parametek is separated into a real, positive amplit@and
and idler waves of the OPO divider will be Self-phase'a real phas@ by SZEei H. For A this leads to the fo”owing
locked, such that the OPO works as a phase-coherent frepndition for self-phase-locked operation:
qguency divider. This behavior has been observed in our pre-
vious numerical calculationgll], in reasonable agreement
with experimental results. In the current work, the coupled oo 1 5
field equationg1) are solved analytically in the steady-state Dbp=7 (2xsK) =247+ 58%) = ya(4), @)
regime, and corresponding expressions for the locking range,
for the phase eigenvalues, and for the frequency stability of
the self-phase-locked OPO are derived. where the abbreviation is defined as

(6

O O oo
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TABLE |. Experimental parameter values for the two OPO setups used.

Crystal length Kp Kg K| D G 28wipek
(mm) (MHz) (MHz) (MHz) (10° rad/s) (10° rad/s) (10° rad/s)

38 258 249 13 1435 50 8.2

60 243 236 11 630 14 3.1

for the SHG process; in Egs.(1), could be set to zero. The
®) nonlinear coupling coefficient for the OPO procd3svas

then determined from the measured pump power at thresh-
Nontrivial solutions only exist ifA is such thaix(A)=0, and  old. Finally, after having tuned back the crystal temperature
the locking range corresponds to the range of the detuhing to phase matching of the idler SHG, the power ratio of the
for which this condition is satisfied. As(A) is quadratic in ~ frequency-doubled idler wave to the signal wave was mea-
A and has no linear components, and since the second déured, which was used to determine the nonlinear coupling
rivative of a with respect ta\ is negative, the function(A) coefficientG valid in the experiments. The parameter values
possesses a maximum &t 0 and decreases symmetrically determined in the manner described are summarized in Table

) crystal temperature, so that the nonlinear coupling coefficient
78

1 1 9
a(A)=— 1—6A2[(KS+ K))?+98%]+ 1—6792( KoK+ =82

with the absolute value of. Therefore, the full locking ! In our experiments, two different setups of the OPO di-
range Bwoq=6A ek can be determined from E@8) by  vider were used, one with a 38-mm-long c_rystal and the
settinga(A o) =0, resulting in other with a 60-mm-long crystal. Correspondingly, two sets
of OPO parameters were derived as described and are given
- 9_,\\* in Table I.
&%\ kst Kt e With these sets of experimental parameters, the theoretical

(9)  values of the full locking range calculated by E¢3) and
(10) are 25w o= 6A o= 8.2X 10° and 3.2x 10° rad/s, cor-
responding to a frequency-locking range of 1.3 and 0.5 MHz
for the divider with the 38 and the 60-mm-long crystal, re-
spectively.

Bock™\ (et )7+ 027

In the experiment, according to E(), locking should thus
occur if the two light frequenciesms and wg are (via a

variation ofA) brought closer to each other thins— wg| To this end, it is worth noticing that in steady state, from

= 0wiock=3A o EQuAtion(9) shows that the locking range Eq. (7) one finds two different solutions for the intracavity

is a function of the OPO’s construction and operating param- ) . .
etersks and,, and ofs2. The latter parametgr i gi?/e?n by pump field. As above threshold the intracavity pump photon

~2 52 2 . . oo numberNp of a cw OPO is clamped to its threshold value

Eur_n(l;;ef ’Sir\:vcr:ae{r? glur_eN>lp:aSrirtwheentlr\lxt/reaf:i\::tésgi:em?g " Nin [16], these two solutions belong to two different pump
: ] .

not noticeably depleted by idler SHG, the number of idlerpoWerS at threshold, which can be calculated from &9

: _ _ 2.
photons can be determined from the steady-state solutions 0 th Niw=Np=bp:
Egs.(1) with G set to zerdi.e., no idler SHG, which yields

11
Ng,}@:D7 §(2K5K|—2A2+552)i\/a(A) . (1
2

(10

E

_ G? kskp | 4|F|D
" D? 4

K KgK
e According to this equation, the separation of the two values
Using Egs.(9) and (10), the locking range of the OPO di- for the OPO threshold varies with the cavity detunig
vider can be predicted, if the cavity and crystal paramdters (within the locking range With the definition ofa in Eq.
Kp, Ks, Kk, D, andG are known. The pump raté can be (8), it can be shown that the difference of the threshold val-
determined from the incident pump poweg [see above Eq. ues is maximum ah =0 and approaches zero at the edges of
(4)]. The remaining parameters,, kg, k;, D, andG usu-  the locking range, i.e., wher& = A, with Ao given by
ally differ from the values calculated from Ed®), (4), and  Egs. (9) and (10). Furthermore, the difference between the
(5), mainly due to the mean-field and plane-wave approxi-high- and the low-threshold values increases with increasing
mation and an eventual phase mismatch. However, a conv&?, which is proportional t@G?, as given in Eq(10). There-
nient way to determine these parameters is to extract theifore, a stronger optical coupling between the signal and idler
from independent measurements. First we derived the cavitffelds (via the idler SHG proce$sresults in an increased
parameterscp, kg, andk, by fitting the output characteris- difference in the threshold photon number.
tics of a triply resonant cw OPO to the experimental mea- A similar threshold splitting of a cw OPO has been quali-
surements, using slope and pump power at threshold as fitatively observed in an experiment by Masenal. [9] and
ting parameters, as is described in RéL6]. In our has been described theoretically by Faétal.[15]. In Ma-
experiment, the output power was measured using outplgon’s experiment, a type-ll OP(erpendicularly polarized
coupling mirrors with different, well-known reflectivities, signal and idlerwas operated at frequency degeneracy as a
while the idler SHG was tuned off phase matching via thefrequency by 2 divider, by injecting a small fraction of the
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signal into the idler field and vice versa. However, so far we 3A(r+1/2r)
have not observed such a threshold splitting in our experi- ¢st ¢ = ppt+arcco————|+2mmr,
. .. Ksr + K|/2I’
ment with the by 3 divider.
3A(r+1/r)
C. Frequency stability ¢s— ¢ = 0+arctan——— — |+ 2n7. (15
Ksr K| /r

By solving the coupled field equations in the steady-state
regime, we derived expressions for the locking range and th&he integer numbersn and n in these equations take into
oscillation threshold. These results give the conditions tha@ccount that the phases are defined only moduito 2
need to be satisfied in order to obtain phase-locked frequency Equations(15) show that the sum phase of the signal and
division by 3. In the following, we investigate the steady- idler fields follows the input pump phase. This behavior is
state solutions of the phases of the signal and idler outpuell known for a standard OPO. In our divider, however, the
fields with respect to the input pump phase and the detuninglifference phase is also locked, i.e., it follows the phasé
Thereafter we derive the stability of frequency division, i.e.,the coupling parameter. Furthermore, from the definition of
an expression for the residual time-averaged phase fluctua+=iGq, , with the approximation of weak idler SHG, it fol-

tions of the self-phase-locked OPO. lows thatf= ¢, + 7/2; thus the idler phase can be written as
By separating the complex values into positive real am- 1 )

plitudes and real phases in Eq6), the steady-state phases N R

for qs andq, can be rewritten as $r=gdetl 5 +Ni(A). (16

In this expressionf;(A) is defined as

) 1
Sin(pst & — pp) = 3Dbo
P 3A(r+1/2r)
Kol + K, /2r

1 3A(r+1/r)
§arcta _—

1
f|(A)::§arccoE Kol —r, IT

1 A
COS{¢S+¢|_¢P):D—bP(Ar+2—r),

5 (17)

_ 1 A
Sm(d’s_d)l_g):g(AH'?

andl is an integer number. Similarly, the phase of the signal
wave can be written as

1 K|>
- —0)= — -, 12 T
cos ps— b — ) 38(f<sr r (12 bs=g otk o 15(A), (18

where we have used the abbreviatiosbg/b, . Note that . ]
for the case of a cw OPO without idler SHG, i.e., or0  Wherefg(A) is defined as

and A=0, it can be easily verified from Eq$12) that the
signal-idler sum phase is given by + ¢\ = gp + /2, while £ (A)i=2arc [M} 1 +3A(r +1r)
the difference phasés— ¢, can assume an arbitrary value, 3 Kol + Ky f2r 3
as known from standard OPO thed#;17]. o

For a determination of in Eq. (12), we use Eq(7) and + =, (19
cogx+sirfx=1 to obtain 6

KSr_K|/r

with an integer numbek.

The physical meaning of Eq$16) and (18) can be de-
scribed as follows. The OPO internal pump field is defined
téy the external pump laser. The signal and idler phases can
assume one of three distinct phase eigenvalues, which are
separated by 2/3 and numbered by. We note that this
agrees with an earlier prediction where an all-optical divider
L - 24+ \/,E by n sho_uld possessphase eigenvalq§$7]. Our n_umerical_

= calculations have shown that the initial conditions during
startup of the OPO, such as imposed through vacuum fluc-
tuations, determine which of the three phase eigenvalues will
where the abbreviatioB is defined a38:=(24\/5)2+4(f<§ be assumed in steady state.

(k2+9A)r*— (= 24/a)r?— (k?+9A%)=0. (13

In this equation, the positive sign of the term wiftar cor-
responds to the high-threshold state of the OPO, and th
negative sign to the low-threshold state. For the low-
threshold state, one obtains

2(:ET9A7) (49

+9A?)(k?+9A%). Note that the conditionr?=0 already The precision of the frequency division, however, is de-
determines the sign of 3, depending on the choice afand  termined by a residual frequency instability, which could be
B (via a choice ofA). caused as follows. In an experiment, the frequeagyand

By dividing the respective sine and cosine equatid® by  thus its exact one-thirdp/3=(),, is set by the pump laser.
each other, the signal-idler sum and difference phases can INevertheless, as the pump laser frequency is subject to a
calculated as residual thermal drift, the cavity detuniny for the signal
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and idler waves might drift as well, because the length of the /6 - -
OPO cavity is locked to the pump laser wavelengtta a locking range
Pound-Drever-Hall servo loop; see Sec.).llFurthermore,
this electronic servo loop possesses only finite response time,
which is in our experiments approximately 1 ms given by the

piezoelectric transducer. Acoustic perturbations with fre- @_ or
guencies above 1/ms may thus rapidly change the cavity e
length, leading to a small and random fluctuationAofs a r A A
function of time. ) “{ ; ock
As A enters the eigenvalues assumed by the divider in -TC/§1 0 05 00 05 10
steady stat¢via f, and fg in Egs.(16) and (18)], these ei- ' ’ Al los'my) ' '
genvalues are expected to drift and fluctuate as well. A tem- g
poral change of an eigenvalug(t), however, corresponds, FIG. 3. Idler phase shiff, versus the detuning, as given by
via de,(t)/dt, to a frequency deviation of the signal and gq. (17), and calculated for the experimental parameters given in
idler frequencies from the exactly divided values. Table | for the OPO with the 60-mm-long crystal.

In our experiments, we indeed observed such a slowly
drifting frequency deviationiwhen the OPO was not self- In the following, we use E¢23) to predict an absolute quan-
phase-locked whereas faster fluctuations could not be meaditative value for the width of the beat between the generated
sured. Therefore we assume that the observed drift is domieler wave and the desired wave with exactly one-third of the
nating any residual rapid frequency fluctuations, and in thesgump frequency, as would be expected for our experimental
following considerations we concentrate on a slow drift ofsetup. For this prediction, we use the parameters of the setup
the cavity detuningA as the origin of a residual frequency with the 60-mm-long crystalgiven in Table }, because fre-

instability of the divider. quency division with this setup was measured to be more
A measure for a residual frequency instability of the fre-stable than with the setup with the 38-mm crystal.
quency divider is the full width at half maximumewum) To calculate a quantitative value for the width of the beat,

of the power spectrum of the beat between the generatede need to retrieve two numbers for the two factors on the
idler frequency and the exact one-third of the pump fre-RHS of Eq.(23). The first factor (If,/dA)? can be derived
quencyWerwnpm(w, —€1)). First, we derive an expression for analytically from Eg.(17). Therefore, we calculated the
this deviation of the idler frequency of the exactly divided function f,(A) given by Eq.(17), as plotted as a function of
pump frequency by assuming that the cavity deturingar-  the detuning in Fig. 3. It can be seen that the valué, i)

ies as a function of time as described. By assuming thavaries over=/3 within the theoretically expected locking
dA/dt#0 and taking the time derivative of E€L6), we find  range, i.e., forA<|A ] =0.52< 1P rad/s, which is indi-

a beat frequency changing with time: cated as gray background. Note that in the center of the
locking range the functiofi,(A) shows a linear dependence
on A with a slope ofdf, /dA=6.5x10 ' s, while at the
edges of the locking range a nonlinear dependence is ob-
served. Using this slope arourd=0, we obtain the value

Q= dop= - (— 1) = i(A), (2
®— |—w|_§wp—a(¢|_§¢|ﬂ)—a (A), (20

where (df,/dA)%2=4.2x 10 13 & for the first factor.
The second factok[A(T)—A(0)]2)(1/T) is retrieved
if (A)= ﬂ% 21) from an experiment where the drift of the beat frequency
dt ! dA dt”’ between the signal wave and the frequency-doubled idler

wave was measured, i.e., the drift of the differenees (
The Wrwhm spectral width of this beat is given by the mean — 2., )=3A, when the OPO was not self-phase-locked. This
square value of the difference phage=¢(t)—3#p(t) di-  experiment will be presented in more detail in the next sec-
vided by the measurement time period3]: tion. In a radio frequencyrf) measurement of this beat, a
1 drift of the beat frequency of typically 2 MHz in a time
o -~ N period of T=60 s was observed. This corresponds to a value
Wewmml( @ = Q=M =¢OF) 7. 2 rx 1)~ A(0)2(1/T) = 2.9 104 ra?/ for the second
factor of Eq.(23).
where the angular brackets denote the statistical mean value Using these values for the two factors on the RHS of Eq.
over many periodd. Instead of([ ¢,(T)— #,(0)]?) we can  (23), the spectral linewidth of the phase-locked OPO is cal-
write ([f,(A(T))—f(A(0))]%) [see Eq.(20)], where for culated to beWryuu(w—Q,)=0.12 rad/s. At the angular
f;(A) we insert the RHS of Eq21), after carrying through frequency of the idler wave o2, =774x 10" rad/s(wave-
an integration over time. The first factor on the RHS of Eq.length of 2436 nmy this corresponds to a relative frequency
(21) is constant with respect to time and can be extracteghstability of Weypm( @, —Q,)/Q,=1.6x10 2%in 60 s.

from the mean square values, and we obtain A direct measurement of this residual frequency instabil-
5 5 ity would require first frequency-tripling the OPQ's idler out-

Wewsns( 01— Q) = ﬂ) ([A(T)-A(0)]%) (23 Put wave and then superimposing it on the OPO's input

FWHMVEL 257 dA T ' pump frequency, to obtain a beat frequency in the rf range. In
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our experiment, however, we found it technically easier totriply resonant two-mirror OPO, which is based on quasi-
perform a beat measurement in a different manner, i.e., bphase-matching(QPM) in a periodically poled LiNbQ@
superimposing the second harmonic of the OPO’s signalPPLN) crystal. Two different crystals were available for the
wave output on the sum frequency of the pump input and thexperiment, having lengths of 38 and 60 mm, respectively.
OPO idler output wave. Each crystal carries two sections with different poling peri-
This measurement Vvl 2ws— (2p+ w))] (see Sec. ods as shown in Fig. 1. The first section with lendth
[I1) compares the frequency of the OPO output waves 2 carries a poling period ol ; to quasi-phase-match paramet-
—w, with that of the OPO input wavély. Because the ric down-conversion of 812-nm radiation to a signal wave-
phases of both the signal and the idler waves vary linearlyength of 1218 nm and an idler wavelength of 2436 nm, and
with A in the center of the locking range, the frequencythe second section with length, carries a poling period of
instability of this comparison is proportional to the frequencyA , for quasi-phase-matching the frequency doubling of the
instability of the idler output wave with respect to the exactidler wave. In the first crystal,. ;=29 mm andL,=9 mm,
one-third of the pump wave. To derive the correspondingand in the second crystal;=40 mm andL,=20 mm. In
proportionality factor, we use Eqgl6) and(18) to express both crystals, the poling periods are,=21.2um and A,

the time dependence of the beat frequencys2(p  =34.1um, so that the OPO and the SHG process are simul-
+w), ie, taneously phase matched at a crystal temperature of about
d 167 °C. Both PPLN crystals are 0.5 mm thick, and their faces
oN_O_— _ are antireflection coated for the pump, signal, and idler
(20s= o) = Qp=g[21s(A) = H(A)] (24) wavelengths around 812, 1218, and 2436 nm, respectively

) ~ (residual reflectivity specified to be less than 0)1%
After carrying out the same steps as above we obtain the First, the 38-mm-long PPLN crystal is placed at the center

spectral bandwidth of this beat as of a symmetric two-mirror linear cavity, where both mirros
have a radius of curvature of 50 mm, and are separated by

Wewnnl (205~ @) = Qp] 115 mm. The input mirror M1 has a pump transmission of

dfs df,\2[A(T)—A(0)]? 4% and is highly reflective for the signal and idler wave-

=( A dAl T T (25 lengths R>99.7%). The output mirror M2 has a signal

transmission of 20% and is highly reflective for the pump
In the center of the locking range, the derivativif/da  and idler wavelengthsR>98.5%). For the second experi-
and df,/dA are constant with values affs/dA=—7.4 Mmentwith the 60-mm-long PPLN crystal, we used the same
x107s and df/dA=6.5x107s. With [A(T) OPO cavity except that a higher pump wave transmission at
M1 of 8% is chosen and the separation between the mirrors
is increased to 125 mm. In both setups, the pump beam is
mode matched to the OPO cavity mode with a spherical lens
of 75 mm focal length, resulting in a beam radius of approxi-
mately 30um at the focus. To provide stable cw operation,
Wewnnl (2ws— o) —Qp] 1.3 the cavity length is stabilized to the pump wavelength with a
Wi @ — 1) =012 108 (26)  piezo transducefPZT) attached to mirror M2 by using the
FWHMLE 251 ' Pound-Drever-Hall techniqug.0,19.

As a result of these calculations we expect for the OPO setup Figure 4 shows the output power of both OPOs at the
with the 60-mm-long crystal a spectral bandwidth of the beafignal wavelength as a function of pump pow@8-mm
frequency (05— w,) —Qp of 1.3 rad/s, which corresponds crystal, circles; GQ-mm crystal, trianglesas measured be-
to a spectral bandwidth of a direct idler beat measuremerflind the output mirror M2 at a crystal temperature of around
w,—Q, of 0.12 rad/s. The latter value means that the OPCL67 °C. For the 38-mm-long crystal setup, the pump power at

should be able to divide the pump laser frequency by 3 witfhreshold is approximately 40 mW and the maximum signal
a fractional frequency instability of 1361015, output power is 23 mW at a pump power of 320 mW. The

residually transmitted idler output power behind M2 is mea-

sured to be less than 1 mW for this setup. For the 60-mm

crystal setup, the pump power at threshold is measured to be
The experimental setup of the OPO frequency divider isapproximately 100 mW, and the maximum signal output

similar to the one described in Refd0] and[11]. The fre-  power is 38 mW with a maximum idler output power of 1.8

quency to be divided is provided by a single-frequency Al-mW.

GaAs diode master-oscillator power-amplifiddOPA) sys- The solid lines in Fig. 4 represent a best fit of the theo-

tem[18]. It provides a near diffraction-limited output beam retically expected output powéts= 7(\/PyPp— Py,) to the

with a maximum power of 340 mW at a wavelength of 812experimental data as described in Rdf6], where 7 is the

nm for pumping the OPO. The diode MOPA wavelength canslope efficiency andPy, is the threshold pump power. The

be grating tuned over several nanometers and continuoushest fit is achieved fory=0.33 andPy,=43 mW in the 38-

fine-tuned(without mode hopsover 1 GHz via a piezo con- mme-long crystal setup, ang=0.50 andPy,=96 mW in the

trol of the diode oscillator cavity length. 60-mme-long crystal setup. These values are used to deter-
For division of the diode laser frequency by 3, we use amine the experimental values of the parametess kg, «,

—A(0)]2(1/T)  as derived above we calculate
Wewnvl (2ws— w)) — Qp]=1.3 rad/s. Dividing the value for
WFWHM[(ZwS_ (l)|)_Qp] by the Value for WFWHM(wl
—,) gives the desired proportionality factor:

Ill. EXPERIMENTAL SETUP AND RESULTS
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FIG. 4. Signal wave output power of the OPO as a function of
pump power in the setup with the 38-mm PPLN crygtitcles
and with the 60-mm PPLN crystdtriangles, together with the
theoretical fit functiongsolid lineg. The pump, signal, and idler
wavelengths are 812, 1218, and 2436 nm, respectively, at a PPLN
crystal temperature of about 167 °C.

power (dBm)

andD, as listed in Table I, from which the theoretical locking
range and phase stability of self-phase-locking are calcu-
lated, as was described in the previous section.

Using a double-grating optical spectrum analygz&ndo 701 ]
AQ-6315A, spectral resolution 0.05 nnthe emission of the 80l
signal wave and the frequency-doubled idler wave is ob- noise base
served simultaneously near a wavelength of 1218 nm. The 1) .

power ratio of the idler SHG wave to the signal wave is
measured to be-25 dB for the 38-mm-long crystal setup
and —33 dB for the 60-mm-long crystal setup. These values
were used to determine the experimental value of the param-
eterG, as given in Table I. By changing the c_:ryStaI lempera- g 5 rf peat spectra of the signal wave and the idler SHG
tur_e, _the OI_DO can be tuned so that _the signal vv_av_elengl'\naves for the OPO with the 38-mm crystal recorded near zero
coincides with the wavelength of the idler SHG within the goquency with a rf spectrum analyzéspectral resolution 30 kHz,
resolut'lon limit of the optlca[ spgctrum _analyzer. . sweep time 17.8 mis(a) is measured when the OPO is not phase
A higher spectral resolution is pr_owded by a radio fr_e- locked, and(b) with the OPO being self-phase-locke@t) is a

quency beat measurement of the signal wave and the Idlt:T"nrlaximum-hold trace for a hold time of 5 min, showing a dip around

SHG wave. For mea_suring the beat spectrum, an InGaAf‘ero frequency, the full width of which corresponds to a locking
Schottky-type photodiodéNew Focus model 1437, 3 dB

bandwidth 35 GHEis used, in combination with a rf spec-
trum analyzer with a frequency range of 9 kHz to 26.5 GHzyanish when optical self-phase-locking occ{t,11]. Tun-
(Hewlett-Packard model HP E440YB.imited by the mea-  jng of the beat frequency is achieved by changing the crystal
surement bandwidth, the spectral width of the beat is meapmperature by typically tenths of kelvin and by continu-
sured to be smaller than 30 kHz over an integration time obysly tuning the pump frequency in the range of 100 MHz.
10 ms. A slow drift of the beat frequency can be observed Figyre 5 shows the rf beat spectra near zero frequency for
(typically 2 MHz in a time interval of 1 min for the 60-mm  the setup with the 38-mm-long crystal, measured while the

crystal setup while the power of the beat signal remains opQ is not phase locke@) in contrast to the situation when
constant within 10%. The observed drift mainly originatesihe OPQ s self-phase-lockéH).

from slow thermal effects in the crystal, which can leadtoa |, Fig. 5a), three peaks can be seen, a strong peak at
change of the optical cavity length. The 38-mm crystal setugypout 1.5 MHz and two weaker peaks at 3.5 and 5 MHz.
shows a stronger drift of the beat frequency of typically 10There is also a peak at zero frequency, which is present in
MHz per minute. A possible explanation of the higher stabil-any rf spectrum analyzer measurement. The strong peak at
ity of the setup with the 60-mm-long crystal compared t01 5 MHz is the beat signal between the signal wave and the
that with the 38-mm-long crystal is a thermally induced sta-frequency-doubled idler wave, which indicates that the OPO
bilization effect, as was reported in R¢20]. is not phase locked. The additional peaks at higher frequen-
cies can be explained as higher-harmonic distortion side-
bands, which are expected from the laser injection locking
In order to measure the locking range, the beat frequenctheory for the case that the beat is outside but close to the
is tuned toward zero, where the beat signal is expected tlocking rangg 7]. In qualitative agreement we observe these

0 1 2 3 4 5 6
frequency (MHz)

range of 1 MHz.

A. Locking-range measurement
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distortion sidebands only for smaller beat frequencies in the

range of up to 10 MHz. All three peaks in Fig(ap are /

broadened due to frequency fluctuations. When the beat i

tuned toward zero values, as shown in Figh)5the beat . M M2

signal(and its distortion sidebangsuddenly vanishes. Qe [ ’@ output
Figure 5c) shows a maximum-hold trace recorded with a

hold time of 5 min, which allows determination of the lock-

ing range. The crystal temperature and thus the beat fre

quency drift slowly and randomly within the measured

range. In the frequency range from 1 to 3 MHz the strength EI

of the beat signal does not change, while it decreases fo 1218 nm 609 nm @ T

frequencies higher than 3 MHz as well as for frequencies \f’

lower than 1 MHz. The continuous tuning range of the beat Pol

is approximately 4.5 MHz. The beat signal decreases in the o % 2458 nm E 695 m 1 -

range of 3 to 4.5 MHz, and above 4.5 MHz it jumps to a 812 nm i SMF

higher frequency, due to a mode hop of the signal and the PBC

idler frequency. In the range above 4.5 MHz there is still a FIG. 6. Experimental setup for an interferometric measurement

signal measurable above the noise level, which is caused yf the divider’s phase stability. SHG, second-harmonic generation

the distortion sidebands. of the signal wave; SFM, sum-frequency mixing of the pump wave
For the determination of the locking range, the frequencyand the idler wave; PZT, piezo transducer; PBC, polarization beam

interval from near 0 to 1 MHz is important. Here the combiner; Pol, polarizer; SFM, single-mode fiber; D, detector.
maximum-hold trace shows a significant decrease of more

than 10 dB in depth. This dip can be caused by suppressiogutput power of 6uW at a signal wave input power of 35
of the beat within the locking range due to injection locking, mw. A second wave at 609 nm is generated via sum-
and it suggests a self-phase-locking of the OPO waves bﬁfequency mixing(SFM) using a part of the input pump
intracavity idler SHG, as described also in Ref80] and \yaye and the idler output wave. For this we use a 40-mm-
[11]. The power values, which are below the top line bylong PPLN crystal with a poling period of 12.6Zm at a

more t_har_1 6 dB, give a half W'd.th of 0.5 MHz in Fig(cs, crystal temperature of 30.6 °C. With 10 mW pump power at
which indicates a full width locking range of approximately 812 nm and 1.5 mW idler power at 2436 nm, a maximum

1 MHz. This agrees well with the theoretical value of 1.3 . .
MHz calculated from Eqs(7) and (8). In the same way, the power of approximately 100 nW is generated. For each of
‘ ’ ' the two conversion stages, a lens with a focal length of 125

locking range for the setup with the 60-mm-long crystal is .

measured to be 0.6 MHz, which also shows a good agree;pnrg ';’ :Jesnesd Jﬁtaogufsog; Ice)igzhwc?;/ i%g nrilorr:ht?) Fésllﬁm;:{gitﬁés’
ment with the theoretical value of 0.5 MHz. 609-nm waves behind the crystal. The two 609-nm waves are
then compared interferometrically to obtain the phase coher-
ence of the OPO output.

The observation of a suppressed beat within a certain fre- The frequency-doubled signal wave is first sent to a fold-
guency range in Fig. (6) is clear evidence of self-phase- ing mirror, the position of which can be changed with a piezo
locking and a useful method for measuring the lockingtransducer(PZT) to obtain an adjustable phase shift. The
range. However, since the beat signal vanishes in the phaspelarization of the frequency-doubled signal wave is rotated,
locked state, the phase stability of the frequency divisiorsuch that its polarization is orthogonal to that of the pump-
cannot be obtained quantitatively from this measurementdler sum frequency. The waves are combined using a polar-
For a quantitative measurement, the phases of the OPO ougation beam combinefPBC), and projected on a common
put waves have to be compared with the phase of the puminear polarization with a polarizgiPol). The linearly polar-
input wave with an interferometric method. To make such arized superposition of the two beams is coupled into a 6.5-m-
interferometric comparison possible, we convert, via externalong single-mode fibe(SMF), which serves as a spatial
single-pass three-wave mixing, the input and output waves ahode filter.
the OPO into two light waves at the same wavelength. The As the two 609-nm beams are derived from two different
setup of the input-output interferometer used and the wavenonlinear processes, a temporarily stable interference pattern
length conversion stages are schematically shown in Fig. 6behind the fiber can only be expected if the frequency divi-

The cw OPO frequency divider with the 38-mm-long sion is exact, i.e., phase coherent. Otherwise, the two 609-nm
crystal shown in the upper part of Fig. 6 converts the pumpvaves would beat with a frequendf2ws) — (Qp+ )]
wave at 812 nm from the diode MOPA pump laser to the=|dw|. In a previous experiment we indeed observed a
signal wave at 1218 nm and the idler wave at 2436 nm. Thetable interference pattern with a charge-coupled device
signal output wave is frequency doubled in single pass t@wamerd21], which qualitatively proved the phase coherence
generate a second-harmonic wave at 609 nm. For this we usé the frequency divider. In the current experiment, however,
a 60-mm-long PPLN crystal with a poling period of 1Quéh a quantitative measurement of the divider’s phase coherence
at a crystal temperature of 42 °C, which yields a maximunmwas obtained as follows.

|<::| l pump laser OPO divider

B. Phase-coherence measurement
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matched in the signal SHG crystal, and the idler SHG wave-
length cannot be filtered easily, because it is very close to the
signal wavelength. This resulting third 609-nm wave pos-
sesses the same frequency as the pump-idler SFM wave, and

therefore shows interference independent from the phase-
locking state of the frequency divider.

In contrast, when the OPO is phase locked, the interfer-
ence pattern possesses a contrad{ef100%, as shown in
Fig. 7(b). This is evidence of perfect phase coherence of the
two 609-nm waves, and, consequently, of phase-coherent di-
vision of the pump laser frequency by 3 with the self-phase-
locked cw OPO. Smaller changes of the contrast in Filg) 7
are caused by power fluctuations of each of the 609-nm
beams, which lead to a change of the intensity balance.

I AN Vs 1
0.4 AAAVAMANYW A AVAANWAS

0.0 . 1 N 1 i . 1

photodiode voltage (V)

04 1 C. Frequency-stability measurement

! In principle, a quantitative measurement of the frequency
AR 1 stability of the division by 3 should be possible with the
0.0 T ; described setup, by turning off the PZT voltage and measur-
0 2 4 6 8 10 ing the photodiode signal as a function of time. However, we
time (s) found that this does not allow a good discrimination between
the frequency noise to be measured and intensity fluctuations
FIG. 7. Photodiode signal of the superimposed 609-nm beamgt the two 609-nm waves. Therefore, we modified the setup
generated by signal SHG and pump-idler SFM as a function ofpqwn in Fig. 6. An acousto-optic modulat@xOM, Isomet
time, megsurgd after transmission through a single-mode fiber. _Thﬁ\/ID—BO) is used to shift the frequency of the frequency-
et o) e o sy ouble signal vae by 80 N, AS before, i 5 superin
OPO, andb) is recF())rded wghile the OPO is self-phase-locked ° posed on the pump-idler SFM wave. Behind the fiber, the
' ' light power is detected with a photodiod® dB bandwidth
1.5 GH2. The photodiode signal is amplified with a low-
After passing the fiber, the two 609-nm beams have theoise rf amplifiefMiteq model AU-1310, 32.4 dB gain from
same spatial mode, and thus can be focused onto a Si ph©9 kHz to 500 MHz and recorded by the rf spectrum ana-
todiode with well-matched phase fronts. If the frequency di-lyzer. With this modified setup, the near-zero frequency beat
vision by 3 is perfectly phase coherent, and if the intensitiesignal is shifted to the range of 80 MHz, where a much lower
of both beams are perfectly balanced by a suitable rotation afoise level enables beat frequency measurements with a con-
the polarizer in front of the fiber, the contrast of the interfer-siderably improved quality. If the OPO is self-phase-locked
ence pattern can be expected to be 100%. To measure th@d the frequency division is phase coherent, a stable and
contrast, the path length of one interferometer arm is variegharrow peak is expected at the AOM frequency.
by applying a periodic voltage ramp to the PZT. Figure 8 shows examples of the measured rf spectra
The measured photodiode voltage signal, which is proporaround the AOM frequency of 80 MHgsolid linesg, for a
tional to the optical power, is plotted in Fig. 7 as a functionnumber of different spectral resolution bandwidths, and av-
of time. This measurement is performed with the OPO setugraging over 20 measurements. The spectra are measured for
with the 38-mm-long crystal. Figurg& shows a photodiode the OPO with the 60-mm-long crystal, which was more
signal while the OPO is not phase locked, and it was phasstable than the setup with the 38-mm-long crystal. The
locked while the signal shown in Fig(ly) was recorded. For dashed lines in Fig. 8 give the electronic background signal
reference, the voltage ramp applied to the PZT for varyingobtained with the photodiode blockédark signal. Here the
the path length is shown as dashed lines. As can be seen, tB6-MHz peak, which is typically 10 dB below the optical
induced change of the phase difference between the twsignal, is caused by rf pickup from the oscillator used in the
609-nm waves results in a modulation of the interferometeAOM. The low-frequency sidebands separated by 50 Hz,
output intensity, varying between the minimum vallg,  which are observed at maximum resolution in the beat signal
and the maximum valué,,,. The contrast of the interfer- as well as in the dark signal, are caused by a pickup from the
ence is defined a& :=(l nax—min)/(ImaxtImin), Which is a  ac power line.
direct measure of the coherence of the two 609-nm waves. The narrow spectral bandwidth of the rf spectra in Fig. 8
When the OPO is not phase locked, the interferometeshows that the divider operates with high precision in all
output gives a constant signal with a small modulation withcases. The linewidth of all photodiode signals is found to be
K<15%, as shown in Fig.(d. This residual modulation is equal to the resolution bandwidth of the spectrum analyzer,
caused by the interference between the pump-idler SFMlown to the highest resolution chosen. From Fi¢c) 8ve
wave and a third wave at 609 nm obtained from SFM of theobtain as an upper limit for the stability of the OPO divider
signal and the idler SHG wave. The last process is phasa bandwidth of 10 Hz for an averaging time of 1Qcerre-
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] phase-locked cw OPO. The performance of such self-phase-
] locking is investigated theoretically and experimentally.

For a theoretical description of the divider, we solve the
coupled field equations of the OPO-SHG system in the
steady-state regime. Analytical expressions for the locking
range and the frequency stability of the self-phase-locked
OPO are given and used to calculate the values expected for
the current experiment. The theoretically calculated frac-
29990 : 50000 tional frequency instability of the frequency division is as
r - - - 7 high as 1.6 10 *® with an expected locking range of about
F FWHM = 100 Hz (b) 1 MHz.

1 In the experiment, the frequency to be divided is provided
by a diode MOPA system operating at a wavelength of 812
nm. The cw OPO is based on QPM in a PPLN crystal, in
which two differently poled sections serve for simultaneous
phase matching of two different nonlinear processes. The
first section provides QPM for parametric oscillation at a
signal wavelength of 1218 nm and an idler wavelength of
. . 2436 nm. The second section provides QPM for SHG of the
-80F FWHM = 10 Hz (C): idler wave. Optical injection locking of the OPO by intrac-

'SO:FWII-IM 1 KHz | (a)
90}
-100}

-11074

79997 ' 79998

90f avity idler SHG is proved by measuring the suppression of
-100: the beat note between the signal wave and the frequency-
s doubled idler wave. The locking range is determined to be up
-110¢ to 1 MHz. This agrees with the theoretical prediction.
-120f In order to further investigate the self-phase-locking, the
_130: A relative phases of the pump, signal, and idler waves are mea-
£ . . . L sured by using an interferometric setup with nonlinear wave-
79997.3 79997.5 79997.7 length conversion. Phase coherence among the three OPO
frequency (kHz) waves is verified by measuring a stable interference pattern

. \fvith a contrast of 100%, which is observed over a time pe-
FIG. 8. rf beat spectra of two 609-nm waves generated by S|gnari d of up to 15 min. With a rf beat experiment where one of
SHG and pump-idler SFM at the frequency of the AOM, recorded od otup to ) a eat experime ere one o

with a rf spectrum analyzefaveraging over 20 sweeps, spectral the two 'nte_rfe”ng waves IS _Up'Sh'_f_tEd by 80 MHz We_ m_ea'
resolution(a) 1 kHz with a sweep time of 275 mé)) 100 Hz with ~ Sure a fractional frequency instability of frequency division
300 ms, andc) 10 Hz with 480 ms The dashed lines show the Dy 3 of better than 7.8 10~ for a measurement time of 10
background spectra recorded with the photodiode blocked. s, which is limited by the resolution of the rf spectrum ana-
lyzer used. Again, this agrees well with the theoretical pre-
sponding to 20 measurements with a sweep time of 480 mdiction.
each. This value represents the frequency instability of the In conclusion, the experimental results of the current
OPO output waves ds—w; compared to the OPO input work prove the successful operation of an all-optical divider
pump wave(p. Using Eq.(26), this corresponds to a re- py 3, whose properties are in good agreement with theory.
sidual instability of the idler wave of 5.8 rad/s, or a fractional Together with the observed high precision of the divider and
frequency instability of the by-3 divider of 72610 **for a jts wavelength flexibility (due to the use of wavelength-
measurement time of 10 s. As this value is limited by theynaple diode lasers and quasi-phase-matching in periodi-
resolution of the experimental recording technique, it is CONzally poled crystals self-phase-locked OPOs might show a

. . . — 15
sistent with the _theoretlcqlly expecte_d value (_)f>1:ED ' considerable potential for future precision optical metrology.
as calculated with Eq25) in the previous section. The sta-

bility of the divider has not been systematically recorded on
a longer time scale so far, but in our measurements we have

observed up to 15 min of uninterrupted phase locking. ACKNOWLEDGMENTS
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