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The results of effective optical parametric amplification in KTP crystal pumped by three beams delivered by fibre amplifiers
are presented. The second harmonic of three 1.2 ns and 200 µJ pulses each extracted from fibre amplifier have been used to
pump optical parametric amplifier (OPA) simultaneously. The conversion efficiency of pump radiation into a signal beam was
close to 25%.
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1. Introduction

The optical parametric amplifiers (OPA) are widely
used in many practical applications. The pulsed radia-
tion in nano-, pico-, and femtosecond light scale can be
amplified in these devices. In future an amplification
of extremely short light pulses up to 10–100 TW power
is expected by use of chirped pulse parametric amplifi-
cation technique (OPCPA [1]). Now as OPCPA pump
sources for amplification of fs pulses up to TW power
the solid-state flash-lamp pumped amplifiers are used.
Although the flash-lamp-pumped laser systems allow to
reach few joules pulse energy, the repetition rate of such
systems is limited to 10–30 Hz. On the other hand, the
diode-pumped solid-state amplifiers let one to achieve
high repetition rate (to a few MHz), but output energy
of these systems are now limited to 1–10 mJ.

The multibeam pump can increase OPA output av-
erage power and combine energy from a few low en-
ergy (∼1–2 mJ) pump beams to a single signal beam.
Firstly, the multibeam pump technique was proposed
for travelling-wave optical parametric generator (OPG)
[2–4] and later developed for OPA [5–8]. The radia-
tion from laser amplifier divided by beamsplitters into
2 [8] or 3 [5] pump beams was used as OPA pump. In
both cases the pump beams were fully coherent. 10 fs
duration chirped pulse amplification was demonstrated
[7] by using the radiation of three flash-lamp-pumped
Nd:YAG amplifiers as a pump. In this case the com-

bining of the pump beams into parametrically amplified
signal was realized. Another positive aspect of OPA
multibeam pump technique is that the parametric ampli-
fication does not depend on the phases of pump beams.
Moreover, an axial signal beam was nearly diffraction
limited in travelling-wave OPG and OPA pumped by
spatially incoherent beam [4]. A similar result for OPA
was also demonstrated in [9]. We note that parametric
diffraction can decrease an efficiency of OPA pumped
by several beams. This phenomenon was observed in
[7] and investigated in detail in [10]. To avoid the para-
metric diffraction it is needed to select the intersecting
angles of pump beams in OPA crystal volume and to
choose properly the pump beam intensity.

One of the possible pump sources for OPCPA could
be the amplifiers based on the doped fibres. Recent
developments of rare-earth-doped fibre manufacturing
permit to create the doubly cladding large-mode-area fi-
bres for lasers and amplifiers and allow one to reach in
a single fibre amplifier ∼1–2 mJ pulse energy for 1 ns
pulses [11] with beam quality parameter M2 close to 1.
The use of fibre amplifiers for pump of OPA is prefer-
able because in fibre amplifiers there is no limitation for
repetition rate up to 1–10 MHz [12].

Further we present the results of an investigation of
parametric amplification in type-II KTP crystal pumped
by the radiation of three fibre amplifiers. The conver-
sion efficiency into the signal beam in OPA pumped by
radiation of three synchronized in time fibre amplifiers
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reached 25%, and such technique could be of prospec-
tive for use in optical parametric amplifiers.

2. OPA multibeam pump geometry

The main reason to select KTP crystal for multi-
beam pumped OPA was its high nonlinearity. The
multibeam pumped OPA geometry for amplification
of 1.064 µm wavelength signal with 0.532 µm pump
was analysed theoretically by numerical calculations of
phase-matching condition for xy-cut KTP crystal. For
a biaxial crystal as KTP, there are three different eigen-
values of the refractive index tensor: nx, ny, and nz .
The possible propagation directions of the pump beams
for a given propagation direction of the signal beam
were calculated by use of phase matching conditions
and Fresnel equations for biaxial crystals. There are
three Fresnel equations corresponding to signal, idler,
and pump beams. Further, there are two equations cor-
responding to the transverse phase matching and one
equation of the longitudinal phase matching. So, there
are six equations to be solved, and six unknown vari-
ables: two propagation angles for each wave, θj and
φj , j = s, i, p, where s, i, and p denote signal, idler
and pump wave, respectively. In our case ωs = ωi (ωj

is a cyclic frequency). We assume that the wave vec-
tor of the ordinary signal wave lies in the xy plane, i. e.
the angle with the z axis is θs = 90◦. When the wave
vectors of all three (signal, idler, and pump) waves lie
in the xy plane (θs = θi = θp = 90◦), idler and pump
beams are extraordinary. In this case the dependence
of the pump propagation angle φp on the signal angle
φs at exact phase matching is shown in Fig. 1(a). The
Sellmeier equations from [13] were adopted. It can be
seen that there is no phase matching when φs < 24.7◦.
The propagation angles φs = φp = 24.7◦ correspond
to the collinear interaction. When φs > 24.7, the non-
collinear interaction is possible, and two values of φp
for each φs were obtained. It means that in this case
only two pump beams with wavevectors situated in xy
plane can be exactly phase-matched with the same sig-
nal beam. In order to employ more pump beams, we
have to analyse the interaction outside the xy plane. We
assume that propagation angles of the signal beam are
θs = 90◦, φs = 25◦ and it is an ordinary beam. Then
the possible propagation angles of pump as well as idler
beams have been calculated for exact phase-matching,
and the results are shown in Fig. 1(b). It is clearly seen
that a large number of pump beams can be simultane-
ously phase-matched with a single signal beam. The
possible values of propagation angles θ, φ of pump as

(a)

(b)
Fig. 1. (a) Dependence of angle φp on φs in KTP crystal. The wave
vectors of signal and two pump interacting waves lie in the xy plane.
(b) Possible propagation angles of the pump (p) and idler (i) beams
when propagation angles of signal (s) beam are φs = 25◦, θs = 90◦.

well as idler beams compose the circumference, and the
conical beam also can be used for effective amplifica-
tion of signal beam [15].

3. Output energy of OPA. Numerical simulation

Further, by using the monochromatic plane wave ap-
proximation we calculate the energy of signal beam at
the output of OPA for different input energy of three
pump beams by means of the nonlinear coupled equa-
tions:

∂As

∂z
= σA∗

i1Ap1 + σA∗
i2Ap2 + σA∗

i3Ap3ei∆z , (1)

∂Ai1
∂z

= σA∗
sAp1 , (2)

∂Ai2
∂z

= σA∗
sAp2 , (3)
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∂Ai3
∂z

= σA∗
sAp3ei∆z , (4)

∂Ap1

∂z
=−2σAsAi1 , (5)

∂Ap2

∂z
=−2σAsAi2 , (6)

∂Ap3

∂z
=−2σAsAi3e−i∆z , (7)

where As denotes the complex amplitude of the signal
beam, Aij and Apj are the complex amplitudes of the
idler and pump beams, respectively, j = 1, 2, 3 denotes
the number of the beam. σ = χ(2)ω2

p/
(
2c2kp

)
is a cou-

pling coefficient (here χ(2) = 3.58 pm/V characterizes
the effective quadratic susceptibility of a KTP crystal
obtained from Select Non-Linear Optics Software). c
is a speed of light, kp and ωp are the wave number and
cyclic frequency of the pump beam, respectively, and ∆
is a possible phase mismatch of the third pump beam.
Equations (1–7) were simulated in the cases of one, two,
and three input pump beams. The results are presented
in Fig. 2. When only one input pump beam was present,
the amplitude Ap1 was varied from 0 to Amax. Amax
corresponds to the pulse energy of 100 µJ and nonlin-
ear length Ln = 1/(σAmax) equal to 0.28 cm. In the
case of two input pump beams the first pump beam am-
plitude Ap1 was fixed at Amax, and the second Ap2 was
varied from 0 to Amax. Further, as the third pump beam
was added, the first and the second amplitudes Ap1 and
Ap2 were fixed at Amax, and Ap3 was varied from 0 to
Amax. The input amplitude of the signal beam was equal
to Amax/10. The input signal as well as pump beams
were assumed to be Gaussian with the same beam ra-
dius (90µm) and pulse duration (1.2 ns). In this case the
beam diffraction and walk-off of pump and idler beams
in 1 cm long KTP crystal can be neglected. The en-
ergy of the beams was calculated by integration of cor-
responding intensity over the area and the time.

We note that the possible phase mismatch of the
pump beams (∆ ̸= 0) can provide a better conver-
sion efficiency when compared to the case of the ex-
act phase matching (∆ = 0). As an example, that is
demonstrated in Fig. 2 for the case of phase-mismatch
of third pump beam. The saturation of an amplification
and back-conversion in OPA are the processes which
cause a smaller efficiency. In this case the proper phase-
mismatch can reduce the influence of these processes.
For this reason the alignment of all pump beams was

Fig. 2. Theoretical as well as experimental dependence of the output
(signal+idler) energy on the input pump energy in OPA.

carried out so that the better efficiency would be ob-
tained in the experiment.

4. Experiment

4.1. OPA pump system

The experimental set-up of OPA pumped by three
beams is presented in Fig. 3. The amplifier system
consists of three fibre amplifiers seeded by the Nd:YAG
1.2 ns duration microchip laser radiation (STANDA
LTD product STA-01-5). The seed with efficiency
of 30% (∼5 µJ) was coupled into 3 m long, 30 µm
core double-clad NUFERN Yb-doped fibres (PLMA-
YDF-30/400). The microchip laser was optically iso-
lated from fibre amplifiers by Faraday isolator. The fi-
bres were backward pumped by the fibre-coupled diode
lasers (power ∼8.8 W). For higher mode discrimination
the fibres were rolled-up into 7.5 cm radius bobbin and
thermo-stabilized at 30 ◦C temperature with computer
controlled oven. The intensity distribution of ampli-
fied signal beam was close to diffraction-limited (beam
quality parameters were M2

x = 1.05, M2
y = 1.10).

The maximum output energy of the fibre amplifier was

Fig. 3. Experimental set-up.
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∼200 µJ and was limited by self-phase modulation and
stimulated Raman scattering. The spectrum of the am-
plified radiation was broadened from ∼0.6 GHz (seed
spectrum) to ∼8 GHz for 200 µJ amplified pulses, be-
ing in a good agreement with the results presented in
[11]. The second harmonic of amplified radiation (OPA
pump) was generated in 6 mm long KTP crystals with
50% efficiency.

4.2. KTP OPA

The second harmonic radiation of three OPA pump
beams was focused into OPA crystal by 750 mm focal
length lens. The intersection angles of the pump beams
were ∼20 mrad. We note that an alignment of angles θ
and φ of the pump beams was provided in a such way
that an output (signal+idler) energy of OPA should be
at maximum. In this case the certain phase-mismatch of
three pump beams has been realized. An intensity dis-
tribution of pump radiation in OPA KTP crystal volume
is presented in Fig. 4 and looks like characteristic inter-
ference pattern. The total beam width was 180µm. Due
to self-phase modulation in the fibre amplifier the inter-
ference pattern visibility was ∼0.2, Fig. 4(b). In the
case of negligible amplification factor in fibre ampli-
fier (≈2) the interference pattern visibility was ∼0.93,
Fig. 4(a). As an OPA, 10 mm long xy-cut KTP crystal
was used. We tested parametric amplification by seed-
ing into OPA the fundamental radiation of microchip
laser (1064 nm). An energy of seed radiation was var-
ied from 1 to 5 µJ. The pump beams and OPA seed sig-
nal were overlapped in time and space in the volume of
KTP crystal by means of mirrors and optical delay lines.

The seed signal from the microchip laser was injected
into OPA at ∼10 mrad with respect to pump beam prop-
agation directions as shown in Fig. 3.

5. Results and discussion

First of all, the parametric amplification in the field
of single pump beam was investigated. An injected
signal beam was orthogonally polarized versus pump
beam. The angular spectrum observed when OPA was
pumped by single beam is shown in Fig. 5(a). In
Fig. 5(b, c) an angular spectrum of signal and idler
beams when OPA has been pumped by two and three
beams is presented, respectively. In all cases at the out-
put of OPA the signal beam was close to diffraction lim-
ited (M2 ∼ 1).

We note that parametric amplification of injected sig-
nal beam in OPA could be of 106–107 orders. In this
case for very high pump intensities together with in-
jected signal an amplification of the parametric super-
fluorescence radiation will take place. As a result, the
decrease of the contrast of the amplified signal occurs.
For effective energy conversion it is necessary to inject
into OPA the signal with energy of an order 0.01–0.1
of pump energy [14]. The dependence of OPA output
(signal+idler) energy on pump energy is presented in
Fig. 2. When OPA was pumped by two beams, the en-
ergy of the second beam was gradually increased up to
100 µJ. In this case the maximum energy of amplified
signal was ∼4 times higher in comparison with maxi-
mum signal energy for single pump case. When OPA
was pumped by three beams, the maximum OPA output

(a) (b)
Fig. 4. Intensity distribution of three pump beams passed through fibre amplifiers after intersection in KTP crystal: (a) passed through fibre

with negligible amplification, (b) with maximum amplification in fibre.
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(a) (b) (c)
Fig. 5. Angular spectra of amplified signal and idler beams when KTP OPA was pumped by (a) one, (b) two, and (c) three beams. Filled

circles show the positions of the pump beams.

energy was ∼150 µJ and ∼25% energy conversion ef-
ficiency was realized. We note that in this case a rather
good agreement with the results of numerical simula-
tion (Fig. 2) was obtained. It should be pointed out,
that when OPA was pumped by three beams, the pump
parametric self-diffraction was also observed, but the
efficiency of parametric diffraction was lower than 1%
when compared to maximum pump energy (∼300 µJ).

6. Conclusion

The progress in the rare-earth-doped fibre technol-
ogy together with demonstrated above possibilities of
OPA multibeam pump geometry allow one to develop
a new class of coherent light sources. An imperfec-
tion of pulsed fibre amplifier is its self-phase modula-
tion, which increases amplified signal bandwidth and
prevents the formation of high coherence radiation. In
contrast, an OPA pumped by fibre amplifier radiation
can produce high coherence radiation because the pump
beam incoherence is transferred to idler beam. On the
other hand, the multibeam pump technique allows one
to increase output energy of OPA by combining en-
ergy from multiple pump beams. Our experimental
research demonstrates an efficient energy conversion
(signal+idler ∼50%) of pump radiation from three dif-
ferent sources into OPA output. The proposed OPA
pumped by the output radiation of three fibre ampli-
fiers opens up new possibilities for combining the en-
ergy from a large number of fibre amplifiers.
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Santrauka
Pateikti efektyvaus optinio parametrinio stiprinimo KTP kris-

tale, kaupinamo trimis sustiprintais šviesolaidiniuose stiprintu-
vuose pluoštais, tyrimo rezultatai. Vienalaikiam optinio paramet-

rinio stiprintuvo kaupinimui buvo panaudota sustiprintų šviesolai-
diniuose stiprintuvuose trijų 1,2 ns trukmės ir 200 µJ energijos im-
pulsų antrosios harmonikos spinduliuotė. Kaupinimo spinduliuotės
keitimo efektyvumas į signalinę bangą siekė ∼25 %.
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