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ABSTRACT We report on an experimental investigation and
an analytical description of mode competition in an optical
parametric ring oscillator (OPO). A ring cavity was spectrally
controlled by injection seeding techniques. Upon injecting the
signal wavelength at a power level of 2 mW the relevant idler
wave was generated and monitored through a 2 cm long me-
thane absorption cell. Mode competition was observable when
two seedlasers operating at almost the same signal wavelengths
were injected collinearly into the OPO. Both seedlasers were
about 0.5 nm apart, and within the same acceptance bandwidth
of the used nonlinear crystal (KTP). Simultaneous injection of
the two seedlasers was performed by keeping the resonator de-
pendent gain of one injected wavelength parameterized while
the other was tuned. The influence of one seedlaser on the sec-
ond was measured by using the generated idler waves, and the
absorption cell as a monitor. We observed three types of oper-
ation mutually dependent on the seedlaser wavelengths: a free
running OPO, one seedlaser seeding the OPO, and both seed-
lasers seeding the OPO at the same time.

PACS 42.65.Yj; 42.79.Nv; 42.79.Qx

1 Introduction

Optical parametric oscillators (OPOs) have been
demonstrated and used in the past for their great potential as
continuously tunable radiation sources [1–3]. When pumped
with an intense pulse of a solid-state laser, for example with
a nanosecond long Nd:YAG laser pulse, OPOs can be build
as a compact and rugged all-solid-state device with a broad-
band tuning capability from the ultraviolet to the near in-
frared [4, 5]. Together with high output pulse energies and
conversion efficiencies OPOs became attractive for many ap-
plications in research and industry, like laser induced fluores-
cence spectroscopy [6], pump-probe experiments using either
the same [7, 8], or two different wavelengths [9], one for excit-
ing the species and the other for probing a relaxed state. Such
a radiation source is also of interest as a transmitter for mon-
itoring environmental trace gases. Many applications also re-
quire, besides the suitable wavelength, a bandwidth of the
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OPO which is considerably smaller than the spectral width of
a molecular species to be investigated. To control the spectral
properties of an OPO it is convenient to use wavelength selec-
tive elements, like filters or etalons for narrowing its spectral
width [10]. Employing additional optical elements within the
cavity is disadvantageous because further losses are produced
which reduce the overall efficiency. Another well established
means for reducing the bandwidth of an OPO is controlling
the spectral properties by the technique of injection seeding,
first reported by Bjorkholm and Danielmeyer [11], for further
information see [12]. The smallest spectral widths of OPOs
can be obtained by using continuous-wave seed sources, as
have been demonstrated by using dye lasers [13], Ti:sappire
lasers [14] or color-center lasers [15]. For our planned remote
sensing application we chose commercially available exter-
nal cavity diode lasers (New Focus, Vortex 6031) based on the
Littman Metcalf design [16, 17] utilizing a blazed diffraction
grating at grazing incidence for wavelength selection.

We developed a pump laser/OPO system for monitoring
methane. The built transmitting and receiving system needed
to be robust and compact. Since such systems are mostly
installed on a mobile or an aerial platform the previously
mentioned all-solid-state devices are preferred. For applying
the differential absorption lidar (DIAL) technique for the in-
vestigation of a particular absorbing species, one needs to
transmit two adjacent wavelengths λ–on and λ–off, respec-
tively [17–20]. The wavelength λ–on is absorbed by the trace
gas and λ–off, which is not absorbed, is used as a reference. To
provide the relevant DIAL wavelength for methane detection,
an injection-seeded Nd:YAG laser is used to pump an OPO
generating the IR wavelength, around 3.3 µm. Stable opera-
tion can be achieved at these two wavelengths by using two
different external cavity diode lasers as injection seed sources.
For practical reasons we chose to operate the OPO signal as
resonant. About 2 mW seed power at the signal wavelength
was sufficient to obtain the preferred idler waves (λ–on and
λ–off).

The two seedlasers were superimposed and injected into
the resonator at the same time. Therefore, alternatively one
or the other seedlaser seeded the OPO. Wavelength selection
between the seed-wavelengths can be realized by shifting the
whole gain profile of the OPO crystal synchronously with the
pulse repetition rate. This method can be realized by tilting the
OPO crystal and is used if the wavelength difference of both
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seedlasers is larger than the OPO acceptance bandwidth [17].
For our application a wavelength difference within the accept-
ance bandwidth of the nonlinear crystal was chosen such that
both seedlasers could eventually seed the OPO at the same
time.

In the experimental part we report on the investigation of
mode competition between the two wavelengths when both
seedlasers are operated near a mode of the resonator. This is
performed by studying the dependence of the injection seed-
ing process through modulation of the frequency of one seed-
laser while the other was kept at a constant frequency offset
to its adjacent resonator mode. We repeated this measurement
for several fixed frequency offsets. We chose to increase the
offset from the center of the mode. This is to our knowledge
the first reported mode competition experiment on a dual sig-
nal wave injection seeded OPO.

Finally, in the last part of this report we describe the
observations following the well known mode competition
analysis [21].

2 Experimental setup and results

Figure 1 shows the experimental setup. A travel-
ling wave ring KTP-OPO is injection seeded by two electri-
cally tunable external cavity diode lasers operating around
1580 nm (Seedlaser 1, 2). The bandwidth of each seedlaser
is smaller than 300 kHz. Both seedlasers were coupled with
a fifty percent mirror and injected into the OPO cavity. The
power injected by each seedlaser was approximately 1 mW.
Seeding with similar conditions was also demonstrated be-
fore by Milton et al. [22]. For a rugged design the OPO cavity
was machined from a solid aluminum block to ensure ther-
mal and vibrational stability. A resonator stability of better
than 100 MHz/min was observed. The OPO was pumped
with a diode pumped injection seeded Q-switched Nd-YAG
laser with a pulse length of 13 ns, a repetition rate of 100 Hz,
3 Watt average power and a spot size of 1.1 mm. The nonlin-
ear medium was a 16 mm long KTP crystal with antireflection
coating for the pump, signal and idler radiation. The crys-

FIGURE 1 Experimental setup of the double injection seeded OPO. The inset on the right shows the operational characteristics of the absorption cell used
as a diagnostic instrument for the injection seeding process. The top curve displays the photo detector signal behind the cell versus the frequency detuning.
The bottom curve shows the measured idler intensity with a second detector placed in front of the cell. When seeded, an increase of intensity is observed. This
is the case when the seedlaser frequency hits the longitudinal mode comb of the OPO resonator

tal was cut for type II (o → oe) phase matching (θ = 82◦,
φ = 0◦). This results in a theoretical acceptance bandwidth of
5.8 cm−1 ≈ 174 GHz [23]. The free spectral range of the OPO
ring resonator was 3.7 GHz. The ring resonator was designed
to be signal resonant and consisted of three plane mirrors. The
input coupler was coated for high transmission of the pump,
and reflection of the signal wavelength. The output coupler
had a high transmission coating for both the pump and idler
wavelength, and 5% transmission for the signal wavelength.
The turning mirror was a highly reflective mirror for the mid
infrared region. In unseeded operation the threshold of the
OPO was at 7.9 mJ and in seeded operation the threshold of
the OPO was at 6.2 mJ of pump energy. When pumped with
15 mJ we achieved in seeded operation a signal energy of 2 mJ
and an idler energy of 1 mJ of the OPO.

Successful seeding of the signal wave narrows the broad
free running OPO spectrum to the two injected wavelengths
(and their corresponding idler wavelengths), which can be
detected by measuring the OPO power. The pulse build up
time of the OPO is reduced in the seeded regime signifi-
cantly [24], thus the overall power of an injection seeded pulse
is higher than the power of a free running system. The signal
and idler bandwidths of a single mode seeded OPO is lower
than 100 MHz. This limit is given by the measured pulse du-
ration of the OPO (10 ns, with a nearly gaussian pulse shape).

For analyzing the injection seeding process of the signal
wave the corresponding idler wave was sent through a 2 cm
long absorption cell containing 800 mbar of methane. The sig-
nal and seedlaser wavelengths were blocked by a germanium
long pass filter (LP). The right hand side of Fig. 1 charac-
terizes the absorption cell for different seedlaser frequency
offsets of one seedlaser indicated by the idler intensity be-
fore and behind the absorption cell. The free running OPO
spectrum is partly absorbed by the cell and is used as a ref-
erence intensity, which is set to one, in the figure. When the
seedlaser was tuned to a longitudinal mode of the OPO res-
onator an increase of power was observed, i.e. the OPO is
seeded. For this case, spectral narrowing is revealed by a dif-
ferent absorption compared with the one from the free running
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FIGURE 2 Signal wave spectra: (From left to right) 1. Spectrum of the free running OPO, 2. Spectrum of the OPO seeded by both seedlasers simultaneously,
3. Single mode spectrum of the OPO

spectrum. For continuous spectroscopy of methane in this
wavelength region see ref. [25]. To distinguish between the
two seed wavelengths according to our application, seedlaser
(1) was tuned to a mode where the corresponding idler wave-
length was totally absorbed from the methane cell (λ–on).
Therefore, successful seeding of the λ–on mode could be de-
tected by a maximum absorption in the gas cell. The second
seedlaser (2), called λ–off, was tuned to a mode with a corres-
ponding non absorbed idler wave. Injection seeding the λ–off
mode results in an increased detector signal behind the cell.
Both seeded wavelengths were about seven (∆ω = 25 GHz) to
ten (∆ω = 37 GHz) longitudinal modes apart.

In Fig. 2 three signal wave spectra of the OPO are de-
picted. The spectra were measured with a high resolution (ap-
proximately 50 pm) spectrometer MSD1000 from SOLAR
TII with a Hamamatsu InGaAs diode array as detector. The
left spectrum is the spectrum of the free running OPO. A spec-
tral width of 0.4 nm, approximately 50 GHz, was observed.
Both wavelengths of the seedlasers are in the acceptance
bandwidth of the OPO. In the second picture, dual mode op-
eration of the OPO is shown. This spectrum can be observed
when both seedlasers seed the system simultaneously. The ob-
served sidebands result from difference- and sum-frequency
mixing with the difference-frequency or sum-frequency of the
two injected modes. The separation of the side modes from
the injected modes is an integer multiple of the difference fre-
quency of the seeded modes. In the measured case the two
seedlasers are about eight longitudinal resonator modes apart.
About five percent of the measured signal intensity was spread
into the sidebands. Possible ways of generation could be the
following:

– Optical rectification of signal and idler radiation:

ωsλon
−ωsλoff

→ ∆ω

ωiλoff
−ωiλon

→ ∆ω ,

with the seeded frequencies given by the λ–on and λ–off
signal- and idler-frequencies ωs,iλon,off

, respectively. A sum

frequency back mixing process results in the observed side
bands.

– Sum-frequency generation of non corresponding (λ–on,
λ–off) signal and idler waves results in a broadening of the
pump radiation:

ωsλon
+ωiλoff

→ ωpump+∆ω

ωsλoff
+ωiλon

→ ωpump−∆ω

A difference frequency back mixing process of ωpump−∆ω

and ωpump+∆ω with signal and idler radiation results in the
observed side bands.

Both lie within the acceptance bandwidth of the phase match-
ing and can be studied utilizing spectroscopy of the depleted
pump light as well as in the radio frequency region, but is
not investigated in this work. The third spectrum shows sin-
gle mode operation of the system. This occurs when only one
seedlaser seeds the system. In the following we describe how
these different states of the system are obtained.

Next in Fig. 3 the measured transmitted intensity through
the absorption cell for detuning the two seed lasers operated
independently is shown. Only one laser at a time was used
for seeding during this measurement. We detuned the seed-
lasers electrically over a total range of 1.2 GHz around the
center of the injection seeding range. On-line seeded opera-
tion, which corresponds to spectrum 3 in Fig. 2, can be clearly
seen through total absorption of the idler wave, detected with
a photodiode. The off-line seeded operation results in a higher
intensity level. The free running transmitted intensity, which
corresponds to spectrum 1, was set arbitrarily to one. The ob-
served injection seeding ranges for the absorbed longitudinal
and non absorbed longitudinal mode were about 500 MHz,
which is in the order of magnitude of the spectral width of
the low finesse resonator. For the non absorbed mode a depen-
dence of the power and the seedlaser frequency offset from
the center of the adjacent mode was observed – which cor-
responds to the wavelength amplification by the resonator.
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FIGURE 3 Intensity measured behind the absorption cell for independent
detuning of the two seedlasers. The injection seeding range of the off-line
and on-line wavelength can be seen clearly because of the higher photo-
diode signal for the off-line seeded case and the lower photodiode signal
for the on-line seeded case. The numbers, 1 to 5, indicate different detun-
ings of the off-line seedlaser from the center of the injection seeding range,
corresponding to the measurements presented in Fig. 4

The numbers in the figure indicate different detunings of the
non absorbed seedlaser for the next measurement, where both
seedlasers were injected into the resonator at the same time.

The measurements presented in Fig. 4 illustrate the reduc-
tion of the λ–on seedlasers injection seeding range, through
the existence of a second injection seeder operating at a con-
stant wavelength difference to a second resonator mode (λ–
off). The reduction of the seeding range can be explained with
mode competition effects between the two seeded modes. The
set of curves was realized by scanning the wavelength of the
λ–on seedlaser while keeping the λ–off seedlaser on constant
offsets which are indicated in Fig. 3. For the measurements
the λ–off seedlaser was tuned from the center of the non ab-
sorbed injection seeded longitudinal cavity mode to the edge
of the injection seeding range. The top curve (no. 1) resulted
from the smallest detuning of the λ–off seedlaser from the
center of the injection seeding range, and the bottom curve
(no. 5) resulted from a detuning larger than 300 MHz which is
just outside the injection seeding range. The injection seeding

FIGURE 4 Intensity of the non absorbed (λ–off) injection seeded wave-
length versus detuning of the absorbed (λ–on) injection seeder from the
center of the injection seeding range. The intensity of the unseeded OPO
is set to 1. The different curves are for various detunings from the λ–off
seeder from the center of its injection seeding range. Higher Intensities have
a smaller detuning from the center of the λ–off seeding range

Curve Offline detuning Online seeding range Range of coexistence
[GHz] [GHz] [GHz]

5 0.5±0.05 0.51±0.05 0.83±0.05
4 0.24 0.42 0.72
3 0.22 0.26 0.55
2 0.18 0.03 0.43
1 0.15 0 0.24

TABLE 1 Measured injection seeding ranges for different frequency off-
sets (see Fig. 4). The online seeding range is the region where only the λ–on
signal and idler radiation is emitted. The range of coexistence is the range
where λ–on and λ–off or only λ–on is seeded

range of the absorbed longitudinal cavity mode (λ–on) grows
for larger detunings of the λ–off seedlaser. Between the re-
gions where only one wavelength seeds the OPO, regions with
both wavelength can be observed (spectrum 2 of Fig. 2). In
the case of the top curve (no. 1) there is no region where only
the λ–on seedlaser seeds the system, resulting in partial ab-
sorption of the corresponding idler waves, since only the λ–on
idler wave is absorbed by the cell. During the measurements
no thermal drift of the resonator length occurred. This can be
easily verified since the intensity of the λ–off seeded wave-
length is the same for large positive and negative detunings of
the λ–on seedlaser. Table 1 lists the measured injection seed-
ing ranges and the range of coexistence for the different curves
shown in Fig. 4. The measured λ–on injection seeding range
is the range of λ–on detuning where only λ–on seeds the sys-
tem. The coexistence range is the range in which the influence
of the λ–on seedlaser on the λ–off seeding can be observed.

3 Two-mode competition analysis

To analyze and describe the competition between
two injection seeded longitudinal modes in an optical para-
metric oscillator, we followed the approximation of a coupled
saturated oscillator as described by Siegman [21]. In the case
of an injection seeded pump laser the gain mechanism of the
OPO behaves like a homogeneously broadened gain process
because the whole signal and idler spectrum is generated by
one pump wavelength only. The coupling mechanisms in the
nanosecond injection seeded regime is given by the coupled
wave equations [26]. In the following, parameters for λ–on
will be indicated by the index 1 and parameters for λ–off will
be indicated by the index 2:

∂Ep

∂z
= 2i

ω2
pdeff

kpc2
Es1 Ei1 e−i∆k1 +2i

ω2
pdeff

kpc2
Es2 Ei2 e−i∆k1

∂Es1,2

∂z
= 2i

ω2
pdeff

ks1,2c2
Ep E∗

i1,2
ei∆k1,2

∂Ei1,2

∂z
= 2i

ω2
pdeff

ki1,2 c2
Ep E∗

s1,2
ei∆k1,2

with

∆k1,2 = kp − ks1,2 − ki1,2 ,

and the following notations: Ep,s,i is the field strength of the
pump-, signal- and idler-waves, the parametric coefficient is
deff, and kp,s,i are the corresponding wavenumbers.
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The small-signal parametric gain for a single pass through
the crystal can be calculated by considering a constant pump
power over the length of the crystal. With this assumption we
get for ∆k = 0 from the coupled wave equations for the sec-
ond derivatives of the fields:

∂2 Es,i1,2

∂z2
= 4ω4

pd2
eff E

2
p

ki1,2 ks1,2 c2
Eωs,i1,2

By solving this differential equation a small-signal gain
for the electric field for a certain crystal length can be deduced.
For a small-signal gain of the signal and idler intensities we
get:

G = 4ω4
pd2

eff E
2
p

ki1,2ks1,2 c2
L2

Crystal

It should be noted that for higher signal and idler powers the
gain process must be modelled differently, since a constant
pump power over the whole crystal length cannot be assumed.
Processes, like pump depletion can be expected, and will take
a significant part of the pump power away and saturate the
gain. When the pump power is higher than twice the threshold
power of the OPO, additional back mixing effects may have to
be considered for the parametric process too.

In the low power limit a first order approximation of the
gain process can be described by the self- and cross saturation
coefficients for modelling the nonlinear gain process. This ap-
proach will be valid as long as there is no other significant
back conversion process occurring. A significant back conver-
sion process would broaden the pump pulse and result in an
inhomogeneously broadened gain process. In the singely built
resonant OPO this assumption holds, because the idler and the
broadened pump radiation leaves the resonator after a single
pass through the crystal. That is why we can model the two
longitudinal mode OPO as a self- and cross-saturated coupled
oscillator.

The coupled intensity equations of a self saturating
coupled oscillator can be written as follows [21]:

d

dt

(
Is1

Is2

)
=

((
α1(∆ω1)−β1 Is1 −φ12 Is2

)
Is1(

α2(∆ω2)−β2 Is2 −φ21 Is1

)
Is2

)
(1)

The coefficients αi(∆ωi) are the small-signal or unsatu-
rated gains minus the seed-wavelength dependent losses of
each mode. The coefficients βi and φij represent the first order
self- and cross-saturation coefficients of the optical paramet-
ric system, which are expected to be of the same order of
magnitude, because the loss mechanisms through pump de-
pletion are the same . If we assume for simplicity, a square
pump pulse, the coefficients can be taken as constants. In
ref. [24] it is shown that in such a system the intensities start
growing exponentially before saturation effects take over. The
saturation lasts as long as the pump pulse is applied. From the
steady-state analysis of the system we learn about the dynamic
systems behavior since the dynamic solution of the system is
attracted by the steady-state solution. The dynamic stability of
the steady-state solutions can be determined by a perturbation
stability analysis which shows when the solution is attract-
ing or repulsing. The ∆ωi dependency of αi results from the

wavelength-offset dependent gain of the injection seeded lon-
gitudinal oscillator mode. The wavelength dependency of the
gain can be described by a combination of the resonator Airy
function and the acceptance function of the parametric pro-
cess which is given by (sin(∆kl

2 )/∆kl
2 )2.

3.1 Steady-state solutions

The differential equations ((1)) have three possible
steady-state solutions ( dI

dt = 0):

1. Is1,ss = 0 and Is2,ss = α2(∆ω2)

β2

2. Is2,ss = 0 and Is1,ss = α1(∆ω1)

β1

3. Is1,ss = α1(∆ω1)β2 −α2(∆ω2)φ12

β1β2 −φ12φ21
and

Is2,ss = α2(∆ω2)β1 −α1(∆ω1)φ21

β1β2 −φ12φ21
.

The third solution is only a reasonable solution for positive in-
tensities I . If we assume that the self saturation coefficients βi

are larger than the cross saturation coefficients φij we get only
positive solutions if α2β1

φ21
> α1 >

α2φ12
β2

.

3.2 Perturbation stability analysis

To analyze the stability of these solutions, we lin-
earize the differential equations ((1)) around the steady-state
solutions. The perturbed intensities Is1(t) and Is2(t) are writ-
ten as follows: Is1(t) = Is1,ss + ε1(t) and Is2(t) = Is2,ss + ε2(t).
With this approximation the differential equation reads:

d

dt

(
ε1

ε2

)
=

(
α1 −2β1 Is1,ss −φ12 Is2,ss −φ12 Is1,ss−φ21 Is2,ss α2 −2β2 Is2,ss −φ21 Is1,ss

)(
ε1

ε2

)

The stability of this linear differential equation is determined
by the eigenvalues of the perturbation matrix. For negative
eigenvalues the differential equation is stable. The eigenvalue
problem must be solved for all steady-state solutions. The
resulting different stability regions for the three steady-state
solutions are:

1.




α1 − φ12α2

β2
0

−φ21α2

β2
−α2


 which is stable if α1 <

φ12α2

β2
.

2.




−α1 −φ12α1

β1

0 α2 − φ21α1

β1


 which is stable if α1 >

α2β1

φ21
.

3.
( −β1 Is1,ss −φ12 Is2,ss−φ21 Is2,ss −β2 Is2,ss

)
with Is1,ss = α1β2 −α2φ12

β1β2 −φ12φ21
and

Is2,ss = α2β1 −α1φ21

β1β2 −φ12φ21
.

This results in the following non overlapping stability regions:

1. For α1 <
φ12α2

β2
the intensities Is1,2 are attracted by Is1,ss =

0 and Is2,ss = α2(∆ω2)

β2
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2. For α1 >
α2β1

φ21
the intensities are attracted by Is2,ss = 0 and

Is1,ss = α1(∆ω1)

β1

3. For
α2β1

φ21
> α1 >

α2φ12

β2
the intensities are attracted by

Is1,ss = α1β2 −α2φ12

β1β2 −φ12φ21
and

Is2,ss = α2β1 −α1φ21

β1β2 −φ12φ21
.

With the assumption of a square pump pulse and a short pulse
build up in the resonator we can conclude that the overall
intensities of the pulsed injection seeded system will be at-
tracted to the steady-state solutions.

Figure 5 illustrates the dependency of the three stabil-
ity regions from the gain-loss coefficient α1. The coefficient
α1 complies with the λ–on wavelength dependent gain. The
curves show the α1 dependency of the steady state intensities
for the two different wavelengths. For α1 <

φ12α2
β2

we are in
region 1 were the intensity Is2,ss wins the mode competition.
There is no α1 dependency of the intensities in this regions.
For values of α1 in the interval α2β1

φ21
> α1 >

α2φ12
β2

(region 3)
there is a coexistence of both waves and Is1,ss grows in pro-
portion to the gain α1 whereas Is2,ss decreases with an increase

in the gain of Is1,ss . When α1 is larger than α2β1
φ21

the intensity
Is1,ss wins the mode competition (region 2). Again a propor-
tional growth of the intensity with its gain parameter can be
observed. The cross-saturation coupling parameters φ12,21 are
chosen as smaller than the self-saturation parameters β1,2 be-
cause we observed in the experiment (Fig. 4) regions where
both lasers seeded the OPO resonator modes, which corres-
ponds to region 3.

A further result of the analysis is that the intensity is di-
rectly proportional to the gain-loss coefficient α if only one
laser seeds the system. This enables us to take the measured
λ–off seeded curve from Fig. 3 as proportional to α(∆ω).
This measured gain-loss coefficient will be similar for other
injection seeded longitudinal resonator modes since the wave-
length dependency of the gain-loss coefficient resulting from
the nonlinear process (acceptance function of the parametric
process) will only scale the magnitude of this wavelength de-

FIGURE 5 Dependence of the intensities on the gain parameter α1. The
three different stability regions are indicated

FIGURE 6 Simulation of the non absorbed injection seeded wavelength
for different constant gain-loss coefficients α2 and a wavelength dependent
gain-loss coefficient α1(∆ω). The coefficient α1(∆ω) follows the curve form
measured in Fig. 3

pendency. So we can choose a wavelength dependent gain for
α1 like the one measured from our resonator (Fig. 3).

To simulate our experimental results, shown in Fig. 4, we
need to choose a wavelength dependent gain for the small-
signal gain-loss coefficient α1 as described above. This is
performed by fitting a second order polynomial to the meas-
ured seeding frequency dependence on the intensity shown
in Fig. 3. Furthermore, we need to choose the α2 dependent
width of region 3 with the two parameters φ12

β2
and β1

φ21
, which

can also be done to fit the measured data. The simulation of
the experiment is performed utilizing various constant gain-
loss coefficients α2 while scanning the frequency-offset ∆ω1,
which changes the gain-loss parameter α1(∆ω1). The result,
I2 versus ∆ω1, is depicted in Fig. 6 which is in qualitative
agreement to the measured values. The narrowing of the λ–
on injection seeding range results from the constant maximum
value of α1, while higher values of α2 shift the minimum limit
of stability of region 2 (where only λ–on is seeded) to higher
values. Even the complete distinction of region 2 can be ob-
served, when the maximum value of α1 cannot reach the upper
limit of region 3. The upper limit of region 1 is shifted for
higher values of α2 too.

4 Conclusions and outlook

We demonstrated and analytically described mode
competition in a dual injection seeded OPO. The applied
model delivered a qualitative description of the measured
mode competition effects and the narrowing of the injection
seeding ranges. It was shown that the injection seeding range
is dependent on the gain of other injected (and free running)
modes. It should be noted, although not demonstrated here,
that for wavelength switching applications the wavelength de-
pendent gain of a resonator can be used to separate injection
seeding ranges. This could be realized by shifting the longi-
tudinal mode structure of the resonator with a piezo element,
which changes the resonator length from pulse to pulse. Cor-
rectly synchronized with the pump lasers repetition rate, the
OPO resonator gets the same mode comb for every second
pump pulse. Adjusting each seedlaser on one mode comb en-
ables fast switching between two wavelengths without mode
competition effects.
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Furthermore, we observed inter mode mixing effects in
a parametric oscillator and found out that the efficiency of
this process is high enough to be taken into account for exact
spectral simulations of parametric processes. These could be
investigated by high resolution spectroscopy of the depleted
pump and in the region of the wavelength difference.
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