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The results of theoretical and experimental investigations of two crystal travelling-wave optical parametric generator
(TOPG) are presented. It is shown that the efficiency and angular structure of TOPG output depends on the distance be-
tween crystals. The experimentally observed efficiency modulation is attributed to air dispersion and this is confirmed by

theoretical calculations.
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1. Introduction

Picosecond and femtosecond travelling-wave optical
parametric generators (TOPG) are widely used in vari-
ous spectroscopic experiments as tunable light sources.
The single crystal TOPG generates very wide spec-
trum determined by noncollinear phase-matching con-
ditions in nonlinear crystal and characterized by spe-
cific angular—frequency distribution [1,2]. Spectrum
selection using the two crystal scheme TOPG was pro-
posed in Refs. [3,4] in 1974 and the detailed overview
of picosecond and femtosecond travelling-wave para-
metric generators was presented in [5]. In two crys-
tal scheme, the first TOPG crystal generates broadband
spectrum and the second crystal is used to amplify only
the spectral components with propagation directions
lying within the pump beam propagation angle. The
spectrum narrowing depends on the distance between
crystals; by increasing the distance, angular filtering
allows to decrease the spectral width and divergence
of TOPG output and to smooth the spatial and spec-
tral distributions [1]. On the other hand, for effective
parametric amplification in the second crystal it is nec-
essary that the phases of interacting pump, signal, and
idler waves were such that ¢ + @3 — 3 = —7/2,
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where @1, @9, @3 are the phases of signal, idler, and
pump waves, respectively.

This phenomenon was used for mode-locking CW
lasers by nonlinear mirror [6]. Nonlinear frequency
converter consisting of nonlinear crystal and dichroic
mirror inside the CW laser cavity operate as nonlinear
mirror mode-locker. The second harmonic (SH) gen-
erated in a nonlinear crystal and the fundamental (FH)
beams are returned by dichroic mirror back into non-
linear crystal. If the phase difference between SH and
FH beams is 0 = 2¢1 — o = — /2, or differs from it
by 27m (m is an integer), the FH radiation will grow in
the nonlinear crystal at the expense of the SH beam, the
optical parametric amplification will be realized. Using
this technique the mode-locking operation for Nd:YAG
active laser media was repeatable at 6.5 cm distance be-
tween the nonlinear crystal and the dichroic mirror. At
this distance the phase difference changed by 7 due to
air dispersion of SH and FH waves [7].

Another approach to this phenomenon was imple-
mented in simultaneous wavelength conversion and
amplitude modulation in a periodically poled lithium
niobate crystal consisting of two poled sections con-
taining an unpoled dispersion section in between [8].
The difference is that not the air but the material dis-
persion is utilized. The SH is generated in the crys-
tal but since the second poled section is rotated with
respect to the first one, by moving the crystal in the
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Fig. 1. Schema of two crystal travelling-wave optical parametric
generator.

transverse direction one can change the amount of un-
poled material in the path of laser radiation. Thus, the
relative phase between the fundamental and SH waves
can be controlled resulting in modulation of SH
amplitude. However, in the cases mentioned above, the
output wavelength is fixed.

In this paper we present the results of investigation
of two crystal tunable travelling-wave optical paramet-
ric generator including the analysis of influence of air
dispersion between OPG crystals.

2. Theory

In our calculations we used TOPG consisting of
two nonlinear crystals separated by a distance L (see
Fig. 1). In our considerations we take into account that
between the nonlinear crystals there is air with disper-
sion properties presented in [9]. For theoretical anal-
ysis we use the geometrical representation, neglecting
the diffraction. Also, we assume that the surfaces of
crystals are parallel and perpendicular to the optical
axis (OA in Fig. 1).

At the output of the first crystal, for optimal three-
wave parametric interaction, the generalized phase is
equal to

Y0 = P03 — o1 — Y02 (D

where g1, g2, and g3 are the phases of the signal,
idler, and pump waves, respectively. Optical path for
each wave propagating from the output surface of the
first crystal to the input surface of the second crystal
depends on deviation from optical axis OA and on air
refractive index. So, acquired phase shift of each wave
is equal to
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1 = 1,2, 3 (indices 1, 2, 3 correspond to signal, idler,
and pump beams, respectively). ni'" is the refractive
index of air, «; is wave deviation from optical axis, and
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Fig. 2. In the second crystal, as a consequence of interaction of
pump wave k3 with (a) signal k1 and (b) idler k2 waves, a pair of
conjugate waves k5 and k] is produced.

k&' = 27 n2i*/)\;. The phase difference acquired be-
tween waves due to propagation from the first to the
second crystal is given by

P=¥3 —P1— P2

air air air
— k3 _ kl . k2 L
COS ('3 COS (V1 COS (x9

3)

The last expression represents the phase mismatch be-
tween pump, signal, and idler waves and, as mentioned
above, it depends on deviation from optical axis and on
air refractive index dispersion. The optical parametric
amplification in the second crystal decreases if ¢ # 0.

Wavelengths and deviation angles «; of the signal,
idler, and pump waves are related by phase-matching
condition. Using phase-matching angles the deviation
angles from optical axis can be expressed in this way:
ap =y — 01, a0 = v — 0y, ag = v — 63, where 64,
02, O3 are external phase-matching angles and -y is the
angle between crystal optical axis and optical axis OA.

So, at the input of the second crystal the phases for
signal, idler, and pump waves are

o1 = po1 + ¥1, (4a)
¢2 = Qo2 + 2, (4b)
$3 = P03 + @3- (4c)

The phase alone of an individual wave might not have
relevant meaning, but later it will be cancelled out. In
the second crystal, as a consequence of interaction of
pump wave k3 with signal %y and idler k; waves, a
pair of conjugate waves k), and k] are produced (see
Fig. 2(a,b)). The signal and idler waves can be am-
plified or attenuated depending on the phase differ-
ences between waves ki, ko and conjugated waves
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Fig. 3. Experimental set-up. Nd:YAG is picosecond Nd:YAG laser and amplifier, SHG is second harmonic generation, THG is third
harmonic generation, KDP are nonlinear KH2POj4 crystals for the second, the third harmonic generation, and optical parametric generation,
F1 and F2 are filters, CL is cylindrical lens, CCD is charge coupled device for registering intensity distributions.

K, kb, respectively. Thus, the waves keeping phases
$1 = wo1 + 1 and ¢p3 = o3 + 3 produce the conju-
gated wave with a phase

¢y = (w03 + @3) — (wo1 + ¢1) — ¥, )

where [, is the generalized phase of the three-wave
parametric amplification. Analogically, waves with the

phases ¢2 = @2 + @2 and ¢3 = o3 + 3 produce
another conjugated wave having the phase

¢1 = (w03 + ©3) — (po2 + @2) — ¥ - (6)

Generalized phase ¢f, used in Egs. (5) and (6) is equal
to the initial phase difference g at the output boundary
of the first crystal (Eq. (1)). Or they can differ only
by an integer multiple of 27r. Reducing it we can take
©0 = o

Using Eq. (4a), Eq. (6), and ¢, = ¢o, the phase
difference between signal waves k1 and k] is equal to

P — =93 —p1—p2=1. (7

The phase difference between idler waves kg and £
using Egs. (4b) and (5) is

By — P2 =p3 — 1 — P2 = . (8)

As one can see, the phase difference for signal or idler
waves is equal to the phase difference acquired between
waves due propagation from the first till the second
crystal (Eq. (3)). Pairs of the waves k; and &} or ks
and K/, are equal in their wavelengths and propagation
directions (k‘_i = kl and k2 = i 5). They differ only
in their phases. In the second crystal the signal wave
k1 with initial amplitude Aoy is amplified 7; times.
At the output of the crystal the amplitude of the am-
plified signal wave is equal to 7y Ag; and the ampli-
tude of corresponding conjugate idler wave is equal to
(m — 1) (wa/w1)Y/?Agy. Here w = 2mc/\ is an angu-
lar frequency of a wave. Analogically, the idler wave
ko with initial amplitude Agy is amplified 72 times and
at the output of the second crystal the amplitude of the
amplified idler wave is equal to 15 Ags while the ampli-
tude of corresponding conjugate signal wave is equal to

(12 — 1) (w1 /w2)'/? Ags. Hence, these waves recipro-
cally collinearly interfere and the intensity distributions
for signal and idler waves correspondingly are

w1
L =niAf + (o — 1)> =45,
w2
w1
+ 214011402\/&)—2771(772 —1) cosp, (9a)
w2
L=n3A8 + (m — 1)2w—1A31

W
+ 2A02A01 w—ing(?’]l — 1) COS @ . (9b)

Let us assume that A3, /w; = A3,/ws (equal num-
ber of signal and idler photons at the input of the second
crystal) and 71 = 12 = 1 > 1. Then, using Egs. (9a)
and (9b), the intensity distributions for signal and idler
waves are

I =202 A%, (1 + cos )

2w1 A02(1 + cos @), (10a)
Iy =2n% A%, (1 + cos )
2w2 A01(1 +cos ). (10b)

As one can see, the intensities of signal and idler
waves strongly depend on the phase mismatch ¢ (see
Eq. (3)). In the central part of the intensity distribution
(deviation angle «; is equal to zero there, thus Eq. (3)
can be written as o = (k3 — k3" — k§T) L = AK?TL),
the intensity of a particular wave depends only on the
distance L between two crystals. On the other hand, for
the different deviation angles « at the fixed distance L
between two crystals, angular intensity modulation is
present for the signal and idler waves.

Attention should be drawn to a special case when
the amplitude of one of the waves (signal or idler) at
the entrance of the second crystal is equal to zero. For
instance, the idler wave can be blocked (Ag2 = 0) by
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inserting a filter between the crystals, which is trans-
parent only for the pump and signal waves. In this case,
using Egs. (9a) and (9b), the intensity distributions are

L =niA}, (11a)
)22

ZZAZ . 11b
oy 0 (11b)

Iy=(m—1
Obviously, there is no dependence on the phase mis-
match .

At vanishing air dispersion between two crystals
(e. g. vacuum between crystals), the phase mismatch is
zero for collinear interaction and the intensity is maxi-
mum in the central part of the beam.

3. Experiment

The experimental set-up is presented in Fig. 3. The
picosecond Nd:YAG laser system (mode-locked oscil-
lator with regenerative amplifier) was used as a pump
source for TOPG, where type I interaction was realized.
Spectrum and intensity distribution formation peculiar-
ities in two KDP (KH2PO,) crystal TOPG were inves-
tigated. The third harmonic radiation was separated
from fundamental and the second harmonic radiation
by a filter F1 and focussed onto the TOPG crystals by a
cylindrical lens with a focal length of 1 m. The second
crystal was placed in the focus of the lens while the first
crystal was placed before the focus. Both crystals were
6 cm long. The first TOPG crystal was mounted on
the delay line for changing the distance between TOPG
crystals. Both crystals were angle-tuned for desired
wavelength and the intensity distributions of TOPG
output in the far field were registered with a CCD cam-
era. The dependence of normalized intensity of ampli-
fied in the second crystal signal wave (A = 591 nm) on
the distance between TOPG crystals and the theoretical
fit derived after substituting Eq. (3) into (10) is depicted
in Fig. 4. The intensity was measured in the central
part of the signal wave. It is clearly seen that intensity
reaches its maximum when the distance between the
TOPG crystals is a multiple of ~ 37 mm. Obviously,
the first maximum occurs when no air is present be-
tween the crystals. Intensity minima are located in be-
tween the maxima, within equivalent distances. It must
be noted that periodicity of intensity maxima depends
on the wavelengths of interacting waves: it is lowest at
degeneracy and gets higher when detuning away from
it (see Fig. 5). As can be seen, experimental results are
in good agreement with theoretical fit. Spatial-angular
distribution of two crystal TOPG output also depends

Normalized intensity
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Fig. 4. Dependence of normalized intensity of the generated signal

wave on the distance L between crystals (signal wavelength A =

591 nm). Squared dots represent measured data and solid curve is
theoretical fit.

46 |
€
=
o 44}
E
3
£ 42
[
)
2 4ot
©
o
E 38 |-
[
o
36 |
1 " 1 L 1 n 1 " 1

500 550 600 650 700
Signal wavelength, nm

Fig. 5. Variation of period between intensity maxima in the central
part on signal wavelength for pump wavelength of 355 nm.

on the distance between crystals. It consists of mul-
tiple alternating maxima and minima with central part
setting the pace and edges following it. For every max-
ima of the intensity distribution the phase mismatch ¢
(see Eq. (3)) is an integer multiple of 27 and for ev-
ery minima the phase mismatch is 27 (n + 1/2) (with
n = 0,£1,42,...). The minimum central part corre-
sponds to the case when phase mismatch for collinearly
propagating waves is 2w (n + 1/2). Figure 6 presents
(a) angular intensity distribution and (b) its radial dis-
tribution of a signal wave (A = 632 nm) with the min-
imum central part surrounded by maxima and so forth.
If phase mismatch for collinearly propagating waves
is multiple of 27n, the intensity in the central part is
maximum. In this case, angular intensity distribution
and its radial distribution with a theoretical fit are de-
picted in Fig. 6(c, d). The theoretical fits are presented
in Fig. 6(b,d). One can note the decreasing period
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Fig. 6. (a) Angular intensity distribution and (b) its radial distribution of TOPG output radiation (A = 632 nm) for non-optimal distance

between crystals (L = (n+1/2) x 36 mm, n = 0, 1,2, ...); (c) angular intensity distribution and (d) its radial distribution of TOPG output

radiation for optimal distance between crystals (L = n x 36 mm, n = 0, 1,2, . ..). Experimental results (filled squares) well correspond to
theoretical calculations (solid lines).

between maxima while moving away from the central
part.

4. Conclusion

It is shown that in two crystal TOPG the intensity
distribution depends on the distance between crystals
and the conversion efficiency is the highest when the
phase difference among pump, signal, and idler waves
acquired by propagating through the air gap between
the crystals satisfy the requirement ¢ = 27n, with n
being integer number. In designing the travelling-wave

optical parametric generators, it is crucial to take the air
dispersion into account, however, air dispersion is neg-
ligible if only one of the two parametrically generated
waves is seeded into the second nonlinear crystal.
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DVIEJU KRISTALU BEGANCIOS BANGOS PARAMETRINIO SVIESOS GENERATORIAUS
SPINDULIUOTES SPEKTRINIAI YPATUMAI

S. Alisauskas, R. Butkus, A. Piskarskas, K. Regelskis, V. SmilgeviCius

2 Vilniaus universitetas, Vilnius, Lietuva

Santrauka

Pateikti dviejy KDP (KH2PO4) kristaly bégancios bangos para-
metrinio §viesos generatoriaus (PSG) spinduliuotés spektriniy ty-
rimy ypatumai. Pirmajame kristale Zadinama parametriné $viesos
superliuminescencija buvo stiprinama antrajame kristale. D¢l oro
dispersijos i antraji kristala patekusiy bangy (kaupinimo, signalo ir
skirtuminés bangos) fazés priklauso nuo atstumo tarp kristaly.

Eksperimentiniais tyrimais parodyta, kad dviejy kristaly bégan-
Cios bangos PSG efektyvumas ir generuojamo pluoto intensyvumo
skirstinio sandara priklauso nuo atstumo tarp kristaly. Tokj erdvinj
skirstinj lemia trijy bangy fazinis i§derinimas, kuris pasireiskia dél
nevienody optiniy keliy sklindant signalinei, Salutinei ir kaupinimo
bangoms tarp kristaly.



