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We describe the theoretical treatment of the pump-enhanced singly resonant optical parametric oscillator (OPO) in which
pump and signal simultaneously resonate in the cavity. The research shows that the photon conversion efficiency of
pump-enhanced singly resonant OPO is related to the reflectivity of input coupler and the incident power ratio. Under specific
incident power ratio, the maximum photon conversion efficiency can be obtained in the region where impedance matching is
met. Considering the pump linear loss of 0.9% in the ring cavity, the maximum value of photon conversion efficiency is 99.6%

that is higher than singly resonant OPO.
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1. Introduction

The 3~5 um mid-infrared laser has little attenuation
when it travels through the atmosphere and is the infrared
window of atmosphere. Moreover, this band covers the
absorption peaks of many atoms and molecules. Therefore,
the mid-infrared laser in this band has vital application
value and prospect in many fields such as remote sensing
[1], medical and health [2], spectroscopic analysis [3],
military countermeasures [4], optical communication [5]
and so on. The Optical Parametric Oscillator (OPO) is an
important means to achieve the output of 3-5 pum infrared
laser [6-12].

The OPO can be divided into two types: the singly
resonant OPO in which only signal beams resonate in the
cavity and the doubly resonant OPO in which both signal
and idler beams resonate in the cavity. The singly resonant
OPO has a higher threshold, but it has better stability and a
wider tuning range than doubly resonant OPO, so it is
often used to produce tunable mid-infrared laser.
Theoretical researches show that under the plane wave
approximation, when the linear losses of the pump are
neglect and the ratio of incident pump intensity to
threshold pump intensity (defined as incident intensity
ratio) reaches 2.46, the pump can be fully converted in
singly resonant OPO [13]. In fact, the laser (including
pump, signal and idler) is a Gaussian spatial profile rather
than a plane wave. Owing to the uneven intensity

distribution of Gaussian beam, the photon conversion
efficiency is also spatially non-uniform and the maximum
photon conversion efficiency cannot reach 100%, which is
quite different from the result under the plane wave
approximation. Recent many experimental studies have
proved this conclusion [14-17]. In 2018, Shukla et al.
presented a mid-infrared singly resonant OPO by using
MgO:PPLN crystal pumped by a Yb fiber laser. The OPO
yielded a maximum power of 2W at 3895 nm when
incident pump power is 16 W, the photon conversion
efficiency is about 37.5% [16]. In 2019, Sukeert et al.
reported a green-pumped OPO based on periodically poled
MgO-doped congruent lithium tantalate (MgO:cPPLT) by
using a fan-out grating structure [17]. The OPO generates
131 mW of average idler power at 1476.5 nm for an input
pump power of 1.8 W and photon conversion efficiency is
about 20%.

On the basis of singly resonant OPO, the
pump-enhanced singly resonant OPO has been developed
historically in order to reduce the threshold pump power
[18-22]. In 1994, G. Robertson et al. reported a
pump-enhanced singly resonant type Il LiB;Os OPO
pumped by a single-frequency argon-ion laser [18]. For
3.4 W of pump power, single-frequency output power of
500 mW in the non-resonant wave is obtained. In 1998, D.
Chen et al. reported a low-threshold stable
single-frequency continuous-wave OPO [20]. Tunable
idler output up to 450 mW was obtained near 3um by
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resonating both the signal wave and a single-frequency
1.06 ym Nd: YAG pump laser in a periodically poled
lithium niobate OPO ring resonator. In addition to
experimental research, the theory of pump-enhanced
singly resonant OPO has also been studied in detail in Ref.
[22]. Besides lowering the threshold, the pump-enhanced
singly resonant OPO also can effectively improve the
pump photon conversion efficiency. In this paper, we
mainly focus on the theoretical optimization of conversion
efficiency in a pump-enhanced singly resonant OPO in the
case of Gaussian beam.

In Section 2, we first theoretically study the
relationship between the incident intensity ratio and the
pump photon conversion efficiency under the conditions
of plane wave approximation and Gaussian beam for
singly resonant OPO, and then establish the theoretical
model of the pump-enhanced singly resonant OPO based
on Gaussian beam. In Section 3, the variations of
parameters including the intracavity photon conversion
efficiency of the pump, the cavity-enhanced photon
conversion efficiency of the pump, the signal and idler
extraction efficiency, signal and idler output power with
the changes of the incident pump power ratio and input
coupler reflectivity are analyzed in detail. The optimal
reflectivity of input coupler corresponding to the
high-efficiency conversion region is obtained under
different pump power ratio. Such theoretical treatment will
provide a useful reference for researchers who design and
develop an OPO device.

2. Theoretical analysis

The theoretical scheme is shown in Fig. 1, in which
the signal at 1.4 um and the mid-infrared idler at 3.8 pm
are generated by a non-degenerate OPO pumped by a 1064
nm laser. The nonlinear crystal is a MgO:PPLN crystal
with both ends anti-reflection coated for pump, signal and
idler. The OPO cavity is a bowtie-shaped ring cavity with
two plane mirrors M1 and M2 and two concave mirrors
M3 and M4, where the M3 mirror is an input coupler for
the pump, the M2 and M4 mirrors serve as the output
couplers of the signal and idler, respectively. If the system
is a singly resonant oscillator configuration for the signal,
the cavity mirrors M1, M3, and M4 are highly reflecting
for the signal and the output coupler M2 is partial
transmission coated for the signal. The pump singly passes
through the crystal and is transmitted from the mirror M4
together with the generated idler. If the system is a
pump-enhanced singly resonant oscillator configuration,
on the basis of the above, the mirrors M1, M2, and M4
also have high reflectivity at the pump and the input
coupler M3 has partial transmission at the pump so as to
fulfill the condition of impedance matching. The generated
idler is still directly transmitted from the mirror M4. The
frequency locking system is employed to lock the
frequency of the pump laser to the cavity.
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Fig. 1. Scheme diagram of OPO based on MgO:PPLN crystal
in a bowtie-shaped ring cavity M1-M4, cavity mirrors; HWP,
half wave plate; f, lens; PZT, piezo-electric transducer

2.1. The photon conversion efficiency of singly
resonant OPO
2.1.1. Plane wave approximation
It is assumed that pump, signal and idler are all
monochromatic plane waves. Ignore nonlinear effects

above the third order, the coupled wave equations in a
nonlinear crystal can be expressed as

dA .
d—AZS:—lBSAp/-\ exp[i(Akz+g)], (1)
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where the subscripts s, i, p represent respectively the
signal, idler and pump, A is the complex amplitude of the
light field, B =anJ/(2nc) , @ is the circular frequency
of the light field, n is refractive index of the nonlinear
crystal, C is the speed of light in vacuum, and dQ

represents the effective nonlinear coefficient of

periodically poled crystal. For a first-order quasi-phase
matched periodically poled crystal, dQ = 25 /71'. The
phase mismatch Ak:ks+ki—kp and the initial phase
difference @ =¢5 +¢, ~Pp-

By solving the coupled wave equations under the
small signal approximation and considering the conditions
of phase matching and signal resonance, the threshold
pump intensity of singly resonant OPO can be
approximated by

4en nen;(1-1,)

th
IP

O]

212
Lo@,@,d, 17T

where [y is the signal transmission coefficient in a round
trip which includes the transmission losses of cavity
mirrors and the linear losses of the crystal, | is the length
of the crystal.
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By solving the coupled wave equations of the signal
resonance and considering the conditions of phase
matching. The idler intensity at the output end face of the
crystal can be written as

1 (1) =21, (0)sin?(I1) 3)

where ' is the gain coefficient, T2 =Bin|AS(O)|2.

The photon conversion efficiency of singly resonant OPO
can be defined as

@p 1i (1)
n=— , 4
o 15(0) @
Substituting Eq. (3) into Eq. (4), the photon
conversion efficiency of the pump can be written as

n=sin?(T1) . ()

According to Menley-Rowe relations, the increased
number of signal photons is the same as the increased
number of idler photons in the nonlinear process, so the
increased signal intensity is as follows:

_ D

Alg =251, =21,0sin?(1) . (g
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When singly resonant OPO works in a steady state,
the signal field in the cavity is constant, so the increased
signal intensity in a single pass is output and lost by the
cavity mirror and crystal, i.e.

Alg = 15(0)(1-12). @)

Substituting Eqg. (6) into Eg. (7) and considering
r; >0.95 in general case, we can get the following
formula:

2
Il
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So, the ratio of incident pump intensity to threshold

pump intensity (defined as incident intensity ratio) now
can be expressed as

e =2
ratio ~ 0 =
p

(rny’

*sin2(r1)

)
The relationship between Ilyaio and 77 is obtained

by comparing Eq. (5) and Eq. (9), which can be written as

Iratio = s

(arcsin(\/’;))2 | (10)
n

2.1.2. Gaussian beam

The laser is a Gaussian spatial profile rather than a
plane wave, so the results of plane wave approximation are
not consistent with the experimental results. Boyd and
Kleinman extend the results of plane wave to Gaussian
beam [23]. When the crystal length is far less than the

Rayleigh length of the pump in the cavity, i.e.

| << ;rwfJ /ﬁ,p , where Wy is waist radius of the pump

Gaussian beam, the pump wave can be approximately
regarded as a plane wave with amplitude distribution of

exp(—rz/wﬁ) in the cross section based on the near-field

approximation. Thus, the pump intensity in the cross
section can be expressed as

2/,2
lp(r)= Ipexp(—Zr /wp), (11)
where | o is the central intensity of pump Gaussian beam.

The incident intensity ratio in the cross section now can be
expressed as

| exp(—2r2 wz) )
|ratio (1) = : 0 / : =l (2) -
D sin“(T'l)

(12)

Therefore, the photon conversion efficiency of the
pump can be obtained by integrating in the cross section,
i.e.

_f()rO sin®(TN1, exp(—ZrZ/W%)erdr )
e = - :
Io Iy exp(—2r2/wf,)27rrdr

In the above equation, Iy is the beam radius where
the intensity is equivalent to threshold intensity, i.e.

2 _1 2 h
¢ =Zwp (1 /15).

2.2. The photon conversion efficiency of
pump-enhanced singly resonant OPO

The pump also resonates in the pump-enhanced singly
resonant OPO so that the pump power can be amplified.
The enhancement factor is defined as the ratio of the
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resonant pump power in the cavity R, to the incident

pump power Ry . According to Ref. [24, 25], it can be

written as

Pe.p

1-R

i in, p
Pin,p {1—\/Rin, p (1_510 )(1_% )T |

where Rinp is reflectivity of the input coupler M3 for

(14)

the pump, 5p is the linear single-pass loss of the cavity

(excluding the losses of the input coupler), 7g is the
photon conversion efficiency of
Gaussian beam and is shown in Eq. (13). According to the

relation between power and intensity, the enhancement

intracavity pump

factor can be rewritten as follows:

E. = PC,P _ ratlo _

cp/lth
R

n,p ratlo |n p

1-Rinp ' (15)

(1—\/Rin,p (1-6,)(-7e ))2

where lcp and linp are the central intensity of

intracavity pump Gaussian beam and incident pump

. . c,p in,p
Gaussian beam, respectively, P.;° and P._;> are the

ratio of intracavity pump power to threshold pump power
(defined as intracavity power ratio) and the ratio of
incident pump power to threshold pump power (defined as

incident power ratio), respectively. When Rinp, PI%P

Oy are set, the intracavity power ratio P%P and the

ratio

intracavity photon conversion efficiency 7g can be
derived by solving Egs.(12)-(13) and Eq.(15). Therefore,
the generated signal and idler power by optical parametric
oscillation can be estimated from:

@y s th
APy =—P, yiig =—P, Pratlng”G (16)
@p @p
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Moreover, because the pump power is amplified by

Ep. the cavity-enhanced photon conversion efficiency can

be estimated as

R/
g-_flo =EpG. (18)
Rin,p/@p

The condition for maximum 7¢ can be obtained by

equalizing the first derivative of Eq. (18) with respect to

ng to zero, which gives the condition that

nezl—(l—c?p)Rin,p. The linear loss Op is much

smaller than 1 under normal conditions, whereby it can be
neglected. This implies that the photon conversion
efficiency of intracavity pump Gaussian beam 7g is
equal to transmittance of input coupler M3 for the pump,
which can be seen as an impedance matching condition.

2.3. The extraction efficiency of singly resonant
OPO and pump-enhanced singly resonant
OPO

In reality, whether singly resonant OPO or
pump-enhanced singly resonant OPO, there are linear
losses of resonant signal in the bowtie-shaped ring cavity.
If the transmittance of output coupler M2 for the signal is

Tg , and the other linear loss in a round trip for the signal is
Vs, where rZ =1—(T; +V;) , the actual output signal

power from the output coupler M2 is
Tg

Ts +Vq

The signal extraction efficiency of singly resonant

OPO and pump-enhanced singly resonant OPO can be
defined separately as

Pout,s = TsPs = AP (19)

I:)out,s / (2 Tg

Mout,s = Pm,p/a’p = T, 4V, G . (20)
nce Fout S/ws _ Tg nce @1)
t, = G .
out,s = Pnp/@p Ts+Vs

where 75 =Ts/(Ts +Vs) is the escape efficiency of the

resonator. The greater the escape efficiency, the higher the
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signal output power and signal extraction efficiency.
Therefore, in the actual operation, it is necessary to make
Vs much smaller than T,
If the transmittance of output coupler M4 for the
non-resonant idler is T;, the actual output idler power is
F:‘out,i :Tipl . (22)
The idler extraction efficiency of singly resonant OPO

and pump-enhanced singly resonant OPO can be defined
separately as

PO t [0

Toutj = o — i/ G . (23)
Rin.p/@p

Moiti = o — T g (24)
Rin.p/@p

The extraction efficiency of idler is only affected by
the transmittance of output coupler M4, because the idler
is non-resonant. Moreover, the cavity mirror M4 is
anti-reflection for the idler, so the extraction efficiency of
idler is much greater than the extraction efficiency of the
resonant signal. The band required in actual applications
should be set to non-resonant.

3. Numerical simulation

In the following numerical simulation, it was assumed
that the length of MgO:PPLN crystal is 50mm, the
effective nonlinear coefficient ds3 is 27x10™2 pm/V,
the reflectivity of output coupler M2 is 98.5% at 1.4um
signal wave and the reflectivity of the other cavity mirrors
at 1.4pm is 99.8%, the linear loss of nonlinear crystal for
the signal is 0.1%, the threshold pump power is 760 mwW
based on a given set of reflectivities.

3.1. Comparison of photon conversion efficiency of
singly resonant OPO based on plane wave
approximation and Gaussian beam

By numerical simulation of Egs. (10), (12) and (13),
the plot of the pump photon conversion efficiency of
singly resonant OPO as a function of incident intensity
ratio lratip is shown in Fig. 2, where the red line and the
black line represent the results obtained under the plane
wave approximation and Gaussian beam conditions,
respectively. It can be seen from this figure that the both
pump photon conversion efficiencies show a trend with
first an increasing and then a decreasing dependence on
lratio. Under the plane wave approximation condition,
when |l reaches 2.46, the maximum 77 can reach
100%. However, when | atip is 6.4, the maximum 77
is only 71.6% in the case of Gaussian beam, which is
much smaller than the maximum photon conversion

efficiency of the plane wave approximation. This is
because that the intensity distribution of Gaussian beam is
not uniform in the cross section compared with the plane
wave, which results in non-uniform distribution of the
photon conversion efficiency, and further results in the
decline of photon conversion efficiency.

—— Gaussian Beam
—— Plane wave

10 100

ratio
Fig. 2. The plot of the photon conversion efficiency of singly

resonant OPO as a function of the intensity ratio | under

ratio
the plane wave approximation and Gaussian beam conditions

(color online)

3.2. Analysis of the relationship between
cavity-enhanced photon conversion efficiency,
incident power ratio and reflectivity of input
coupler based on pump-enhanced singly
resonant OPO

To improve the photon conversion efficiency of pump
Gaussian beam, pump-enhanced singly resonant OPO can
be used. In numerical simulation, the reflectivity of output
coupler M2 is 98.5% at 1.4 pm signal wave and the
reflectivity of the other cavity mirrors at 1.4 pm is 99.8%,
the reflectivity of cavity mirrors (excluding the input
coupler M3) is 99.8% at 1.064 um pump wave, the linear
loss of nonlinear crystal for the pump is 0.3%, so
§p =0.9%. The reflectivity of input coupler M3 at 1.064
um should be optimized so as to fulfill the condition of
impedance matching.
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Fig. 3. Simulation of intracavity photon conversion

efficiency 7 (red curve) and cavity-enhanced photon

conversion efficiency ;7(%9 (blue curve) as functions of

the reflectivity of input coupler Rin.p when the incident

power ratio Py is (a) 2, (b) 4.5, () 15, respectively
(color online)

By solving Egs. (12), (13), (15) and (18), the
intracavity photon conversion efficiency 75 and the

cavity-enhanced photon conversion efficiency »& as
functions of the reflectivity of input coupler Rinp and
the incident power ratio Prigt’ig can be obtained. Fig. 3
shows variation curves of pg and 7 with Rinp
when the incident power ratio PP s (a) 2, (b) 4.5, (c)
15, respectively. The results indicate that the
cavity-enhanced photon conversion efficiency ;&
gradually increases first and then decreases with the
increase of Rinp. In Fig. 3(), P%P is 2, the maximum
value 99.4% of 5 is expected at the optimum coupling
Rin,p =39%, the corresponding 7 is 0.60. In Fig. 3(b),
Paiin is 4.5, the maximum value 99.6% of & is
expected at the optimum coupling Rinp=28%, the
corresponding 7 is 0.72. In Fig. 3(c), PI%P is 15, the
maximum value 98.8% of p& is expected at the
optimum coupling Rin, p =58%, the corresponding 7 is
0.42. The above three examples illustrate the condition for
maximum 75’ is that 7 is approximately equal to
Rin,p which can be seen as an impedance matching
condition. Moreover, when Rin p exceeds the optimum,
the pump is undercoupled, 7s decreases much faster
than it does in the overcoupled regime where reflectivity is
lower than the optimum. In addition, in Fig. 3(a)-(b), with
the increase of Rin p, the intracavity photon conversion
efficiency 75 changes very slowly first and then
decreases for alow PP However, for a high PP in
Fig. 3(c), the intracavity photon conversion efficiency g
shows a trend with first a decreasing, then an increasing,
and then a decreasing dependence on Rin p. The reason
for this variation is that the effect of the enhancement
factor Ep on the intracavity photon conversion
efficiency is not obvious when PIMP s lower, however,
for a high PL;P , as Rinp increases, the system
gradually inclines to impedance matching condition and
Ep gradually increase, resulting in an excessive power
ratio in the cavity, thereby reducing the intracavity photon
conversion efficiency. When Rin p continues to increase,
which would yield an under-coupling condition, Ep
gradually decreases and the intracavity power ratio tends
to the optimum value, so the intracavity photon conversion
efficiency increases, later, the intracavity power ratio
gradually moves away from the optimum value, the
intracavity photon conversion efficiency decreases again.
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Fig. 4. Contour plots of intracavity photon conversion
efficiency 75 (@) and cavity-enhanced photon

conversion efficiency 775 (b) as functions of the
reflectivity of input coupler Rin,p and the incident

power ratio PP under Gaussian beam condition

ratio
(color online)

Fig. 4(a) shows a contour plot of 75 as a function of
Rinp and P™P . When Rinp is constant, the
intracavity photon conversion efficiency 75 shows a
trend with first an increasing and then a decreasing as the
increase of Prigfig , which is consistent with the conclusion
drawn in Fig. 2. The high photon conversion efficiency
over 70% can be achieved in the red region, and the
maximum of 5 is 71.6%. Considering the
cavity-enhanced effect of pump, as Rin p increases, the
high-efficiency conversion region is first located in the

region where P™P is about 35-8. When Rinp is

increased to 80%, the high-efficiency conversion region
begins to extend obviously to the region where Prigt'ig is
higher until P> is about 46.5, the corresponding
Rin,p reaches about 97%, and the area gradually becomes
very narrow. Fig. 4(b) shows a contour plot of 7¢ as a
function of Rinp and PP . It can be seen from this
figure, when Rinp is 0, the relationship between 7g
and P™P accords with the conclusion of singly resonant
OPO in Fig. 2. The area where 75 is more than 95% is
called the high-efficiency conversion region (the red
region). As PP increases, the high-efficiency
conversion region moves toward the lower reflectivity first,
when Priz?t'ig is larger than 4.5, the high-efficiency
conversion region moves toward the direction of high
reflectivity until Rin p is close to 84%, the corresponding
PIMP s 29, This variation law is due to the conclusion
that the intracavity photon conversion efficiency g has a
trend with first an increasing and then a decreasing
dependence on Pri;‘t'ig. In order to meet the impedance
matching, the optimal Rin p first decreases and then
increases with the increase of PU:P . Therefore, the
high-efficiency conversion region basically corresponds to
the region of impedance matching, and impedance
matching is a necessary condition for high-efficiency
conversion. Moreover, the maximum value of 7g is
99.6% when P".P is 4.5, after that, as P/":P increases
again, the maximum value of 7g will gradually decrease.
The pump-enhanced photon conversion efficiency is less
than 100%, which is led by the linear loss Op of the

pump in the cavity.

3.3. Comparison of extraction efficiency between
singly resonant OPO and pump-enhanced
singly resonant OPO

For singly resonant OPO, the maximum photon
conversion efficiency 7g is 71.6%. Considering the
linear loss of signal in the ring cavity, the escape efficiency
of the ring cavity 77,, =68.2% . According to Eg. (20),
the maximum extraction efficiency of the signal 7, s Is
48.8%. Since the idler is non-resonant, if the transmittance
of output coupler M4 for the idler is 99.8%, the maximum
extraction efficiency of the idler 7, ; is about 71.5%
obtained according to Eq. (23).

For pump-enhanced singly resonant OPO, the
variation of signal extraction efficiency g5 s and idler
extraction efficiency ngq; with Rinp and Poib is

ratio
consistent with cavity-enhanced photon conversion
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efficiency 7¢ as shown in Fig. 4(b). Considering the
signal escape efficiency 77,5 of 68.2% and the maximum
pump-enhanced photon conversion efficiency 75  of
99.6%, the maximum extraction efficiency of the signal
Negts 1S 67.9% obtained according to Eg. (21).
Considering the transmittance of output coupler M4 for the
idler is 99.8%, the maximum extraction efficiency of the

idler 77gq:; is about 99.4% obtained according to Eq. (24).

Through the above comparative analysis, we find that the
pump-enhanced singly resonant OPO can effectively
improve the photon conversion efficiency of the pump,
thereby further improving the extraction efficiency of the
signal and idler.

In the case of pump-enhanced singly resonant OPO,
by solving the Egs. (12)-(13), (15) and (19), the contour
plots of signal output power Fouts as functions of Rin p
and PP can be obtained, as shown in Fig. 5. It can be
seen from this figure, when Rin,_p is constant, Pouts
increases with the increase of PP . When PZ:P is
constant, the variation of Fouts with the increase of
Rin,p are consistent with that of 7g in Fig. 4(b).
The idler output power Poyt,i as functions of Rinp and
Pr‘gt'ig has the same changing law as the signal output
power Pouts, which can be obtained according to Egs.
(16)-(17), (19) and (22). Therefore, the maximum signal
and idler output power can be realized based on higher
incident power ratio and higher reflectivity of input
coupler. During the simulation, the maximum signal
output power of 19.1 W and idler output power of 10.9 W
can be achieved when PJ:P is 100 and the
corresponding Rin,p is 98%.

Pout,s [W]
.f 19.10
— 16.71
—14.33

—11.94

—9.55

Rier

— 716

— 4.78
I 239
— 0.00

Pin,p

ratio

Fig. 5. Contour plots of signal output power Poyt s as

functions of the reflectivity of input coupler Rin,p and
L . np .

the incident power ratio Pr'aﬁﬁ in the case of

pump-enhanced singly resonant OPO (color online)

4. Conclusion

In this paper, we have developed a theoretical
treatment that characterizes pump-enhanced singly
resonant OPO where both pump and signal simultaneously
resonate in the cavity with a MgO:PPLN crystal. In the
case of Gaussian beam, the variations of parameters
including intracavity photon conversion efficiency,
cavity-enhanced photon conversion efficiency, signal and
idler extraction efficiency, signal and idler output power
with the changes of the reflectivity of input coupler and
incident power ratio are analyzed. The study shows that
the maximum photon conversion efficiency of
pump-enhanced singly resonant OPO can be obtained in
the region where the impedance matching is met when the
incident power ratio is determined. As incident power ratio
increases, the high-efficiency conversion region of more
than 95% moves toward the lower reflectivity first, when
incident power ratio is larger than 4.5, the high-efficiency
conversion region moves toward the direction of high
reflectivity. Considering the pump linear loss of 0.9% in
the ring cavity, the maximum value of »& is 99.6%
when incident power ratio is 4.5.

On the other hand, the maximum signal and idler
extraction efficiency of pump-enhanced singly resonate
OPO are respectively 67.9% and 99.4%, which are higher
than singly resonate OPO where signal and idler extraction
efficiency are respectively 48.8% and 71.5%. Whether
singly resonant OPO or pump-enhanced singly resonant
OPO, to further improve the extraction efficiency of
resonant signal, it is necessary to make the linear loss of
OPO cavity for the signal much less than the transmittance
of the signal output coupler. The idler extraction efficiency
is much greater than the resonant signal extraction
efficiency, so the band required in actual applications
should be set to non-resonant.

The signal and idler output power increase with the
rise of the incident power ratio. The maximum signal
output power of 19.1 W and idler output power of 10.9 W
can be achieved during simulation when the incident
power ratio is 100 and the corresponding reflectivity of
input coupler is 98%. The conclusions of this paper will
provide some guidance for the experiment of
pump-enhanced singly resonant OPO.
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