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Pulsed optical parametric amplification has been demonstrated in lithium niobate pumped at a waveiength of 1.064 um. A
small-signal gain of 18 has been achieved at a signal wavelength of 3.59 um. The saturated output energy at this wavelength 15
7.5 mJ per pulse. The gain ts continuously tunable over the range 3.27 10 3.65 um. An idler is generated that covers the wave-

length range 1.50 10 1.58 pm.

1. Introduction

The phenomenon of optical parametric amplifi-
cation has been studied 1n sever. nrevious works [ 1-
3] but never with a widelv-tuniuble signal al wave-
lengths significantly longer than the pump. We have
demonstrated tunable parametric amplification of 1
signal in the wavelength range 3.27 10 3.65 pm with
a pump at 1.064 um. . signal was generated by
difterence-frequency m:.ing between a tunable dve
laser operating in the wavelength range from 803 to
824 nm and a Nd:YAG laser (at 1.064 um). The
results demonstrate that a high gain and large satu-
rated output energy can be achieved using a signal
with relatively poor beam guality generated from a
mixing interaction. This parametric amplifier. to-
gether with a difference-frequency mixing stage re-
quired to generate the signal. forms a source suitable
tor performing differential absorption LIDAR mea-
surements [4.5] of gaseous hvdrocarbons in the 3
um spectral region.

A novel feature of this work is that the input waves
in both the optical parametric amplifier and the dif-
ference-trequency mixing signal source were aligned
In a non-collinear geometry. This enabled them both
to use the principle of tangential phase matching
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which provides a method for increasing the accep-
tance angle of'a nonlinear process by the use of a ge-
ometry that enables the wavevector surfaces of the
Interacting waves to be tangential in the phase-
matched direction [6].

2. Theory

The theory of second-order nonlinear processes has
been discussed widely [7.8]. If two beams at fre-
quencies o, and o, are incident on a second-order
nonlincar med:num then a third beam can be gener-
ated at the dir.ence frequency o, such that

), =), — . where >0 (1

In addition to the generauon of a photon at the dif-
terence trequency w,. the destruction of each photon
at (,, 1s accompanied by the generation of an addi-
tional photon at .. This is the phenomenon referred
1o as parametric amplification. Using the terminol-
ogy commonly applied to the optical parametric am-
plifier: cu,, 1s the pump. ), is the signal and o), is the
idler.

One of the parameters that determines the effi-
ciency of such a process 1s the mismatch between the
wavevectors of the interacting waves Ak defined bs

Ak=k, —k —k, . (2
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Fie. |. The tangential phase-matching condstion 1s met when the
angle between the mput beams 1s equal 1o the walkott angle ot the
extraordinary beam.

For the process to be phase matched it is necessary
that Ak=0. In the experiment performed here. Type
| phase matching was used. hence &, was polarised
as an extraordinary wave in the nonlinear medium
and the other two beams were ordinary waves.
The gain at the signal wavelength 1s defined by [9]

fod

I'=10/1.(0). (3)

where 1.(0) and (/) are the signal intensities at the
input to the crystal and atter propagating through a
crvstal of length / respectively. In the limit of the
pump being very much more intense than the signal.
the gain is given by

[=1+sinh*[CI,(0)" °] . (1)

The properties of the nonlinear medium are de-
scribed by the constant

dnd.y

T (2npngniAdesc)

where d.r is the effective nonlinear coefficient and
n 1s the refractive index.

The angular acceptance of the process can be de-
fined as the change in direction of the incident waves
required to introduce a specified amount of phase
mismatch to the interaction. As a consequence of the
pump beam being an extraordinary wave its wave-
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front is not spherical and the acceptance angie of the
interaction is limited. This probiem can be over-
come by the use of tangential phase matching w hich
uses a non-collinear geometry to enable the wave-
tronts of the interacting beams to be tangenual for
the direction of propagation of the idler wave. The
seometry required is shown in fig. I. The principle
of tangenual phase matching has been discussed
clsewhere [6.10.11]. It has been demonstrated that
the angular acceptance 1s a maximum when the angle
between the input beams is equal to the walkot!f an-
sle of the extraordinary beam. The directions ot the
heams required 1o achieve this condition in the op-
tical parametric amplifier are shown in tig. 2.

3. Experimental details

The primary laser source used tor this work was a
()-switched Nd:YAG laser (Quaniel Internationai
V(3682 operating at a tundamental wavelength of
1.064 um. It had a repeuition rate of 10 Hz, a pulse
length of 6-8 ns and an injection-seeded linewidth
ot 0.002 ¢cm ™. A fraction of the output from this laser
was frequencyv-doubled (in potassium di-hyvdrogen
phosphate) to 332 nm and used to pump a tunable
dve laser (Quantel International TDL60). The wun-
able dve laser used the dye LDS 821 (Exciton) in
methanol and was tunable over the wavelength range
785-851 nm with a linewidth of 0.1 ¢m ',

Figure 3 shows how the experiment was arranged.
The tunable source used as the signal input to the
optical parametric amplifier was generated by dif-
tference-frequency mixing between the tunable dve
laser and the fundamental output of the Nd:YAG
laser. This was performed in a lithtum niobate crys-
tal (50 10x 10 mm) cut with the normal to the in-
put face at a nominal angle of 47 degrees to the optic
axis and orientated with its principal plane horizon-
tal. The incident beams from the tunable dve and
Nd: YAG lasers were polarised horizontally and ver-
tically respectively and the generated beam was po-
larised vertically. A broadband polarisation rotator
(Newport Research Corp) was used to rotate the po-
larisation of the dye laser beam into the horizontal
plane. Rotating the polarisation of this beam away
from the optimum plane allowed the energy gener-
ated by the difference-frequency mixing to be varied
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Fig. 2. The direction ot the beams tn the parametric amphtier. With the beams in these directions the tangential phase matching condition

Iy met.
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Frg. 3. Schematie diagram of the ditference-frequency mixing and parametne amplificauon stages. Both the signal generated by the

difterence-frequency mixing stage and the idler generated by the parametrnic amplifier are polarised vertically. The tunable input to the
difference-trequency mixing stage and the 1.064 pm pump for the opucal parametric amplitier are both extraordinary waves and are

polarised horizontally

without altering the alignment or spaual quality of
the generated beam.

The optical parametric amplitier also consisted of
a lithium niobate crystal (50X 10X 10 mm ) cut with
the normal to the input face at a nominal angle ot 47
degrees ot the optic axis and orientated with its prin-
cipal plane horizontal. (The near coincidence of the
phase-matching angles of the difference-frequency
mixing and the optical parametric amplifier inter-
actions at the wavelengths used here has been com-
mented upon elsewhere [12].) The pump beam from
the Nd:YAG laser was polarised horizontally and
propagated as an extraordinary wave. The input sig-
nal and generated idler were both polarised vertically.

As described 1n the previous section. the highest
conversion efficiency was achieved for both pro-
cesses with the beams aligned in a horizontal plane
but at a small angle with respect to each other in that
plane. The relative directions of the beams are shown
in t1g. 3. The small angle between the beams at the
input to each crystal enabled them to be combined
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with simple reflectors split in half along a diameter.
It also resulted in the three beams being well sepa-
rated spatially at the output.

4. Results

The performance ot the ditference-trequency mix-
ing stage has been described extensively elsewhere
[6]. In this work it was aligned in a non-collinear
geometry. and was capable of giving a maximum en-
ergy of 5 mJ in the wavelength range 3.27-3.65 um.
The restriction on the wavelength range used for this
work was due to the limited range over which the
dve laser operated efficiently. The ultimate limits to
the wavelength range over which the optical para-
metric amplifier works are imposed by the wave-
length of the pump (1.064 um) and the transmis-
sion limit of lithium niobate [13] (4.5 um),
respectively.

Figure 4 shows the measured performance of the
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Fig. 4. Fnergy measured at the signal and tdler wavelengths at the
outpul from the parametric amphtier as a function o1 the signal
nput.

ro
<

oo
TOOT
/

3
P
-~ 2 - \
R
C ok
ERRS
5
| | ; | U
i 2 3 o 5

Input energy at 359 pm «mJ)

Fig. 5. Parametric gain at a signal wavelength of 3,59 um versus
the signal input.

optical parametric amplifier including both the am-
plified signal energy and the generated idler energy.
Figure 5 shows the same measurements converted
into values for the gain at the signal wavelength.
These measurements were made at a signal wave-
length of 3.59 um and with a pump energy of 175 mlJ
which was the maximum feasible without damaging
the crystal. In this experiment the energy extracted
is ultimately limited by the overlap between the pump
and signal beams. These results are consistent with
those achieved at similar pump and signal energies
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in an experiment with a dittfraction-hmited signal | 3]
and show the form expected trom eq. (4). The sim-
ilarity between these measurements with relatn ely
poor quality beams and the previous work with dit-
fraction-limited beams is explained by the use ot tan-
sential phase matching in this case to enhance the
acceptance angle of the mteraction.

The values for the gain were caleulated as the rato
of the signal measured at the input to the crystal. and
the signal measured at the exit from the crystal. Con-
sequently. they represent the gan that may e
achieved practically with such a device. The actual
gain within the crystals is much greater than this be-
cause the signal beam experiences retlection losses at
the uncoated input and output surtaces of the cryvs-
tal. Based on a retractive index of 2,13 tor Inhhum
niobate at 3.5 um. the gains defined by eq. (3) should
be increased by 23% 1o give the internal values.

3. Summary

Tunable pulsed parametric amplification has been
observed in l:um niobate when pumped at a
wavelength ot 164 um. The performance of this
parametric amplifier 1$ consistent with measure-

~

ments made at shorter signal wavelengths [3]. and
is ultimately limited by the damage threshold of the
cryvstal at the pump wavelength and the fimited over-
lap between the pump and signal beams.

This source has been successfully used for making
range-resolved differenual absorption LIDAR mea-
surements ot gascous hvdrocarbon species including
methane. propane and butane.

Acknowledgements

This work was funded by the National Measure-
ment Policy Unit of the UK Department of Trade
and Industry. and BP International.

References

[1}R.A. Baumgartner and R.L. Byer. IEEE J. Quantum
Electron. 15 (1979} 432,
[2]D.S. Bethune and A.C. Luntz. Appl. Phys. B 40 (1986) 107.

189



Volume 93 number 3.4 OPTICS COMMUNICATIONS I October 1992

[3]MUT. Milton and T.J. Mcllveen, Opties Comm. 32 (1991) [3]Y.R.Shen. The prinaiples ot nonlinear opties ( Wilev, New
153, York. 1954
[+ ] R.M. Measures, Laser remote sensing « Walev, New York, STMUIT. Midton, IEEE J. Quantum Electron. 28 ([wu2y ~

Y

|
1984). [ra] ) Warner. Opto-Electronies T (1969 23
[31MJT. Milton, R.H. Bradsell. BW_ Jollitfe. N R.W. Swann [THPNCP.Barnes ana VI Corcoran, Appl. Optics 13 (1976 096,
and P.T. Woods. Proc. ot the T4th Int. Laser Radar Cont. {127 H.J Bakker. P.CM Planken. L. Kuipers and AL Lagenank.
{488, Innichen-San Candido. paper p2.26. Optics Comm. “3 1 198Y) Uy,
PA]NUIT. Milton, TJ. Mcllveen, D.C. Hanna and P.T. Woods, 137 RW. Donaldson and J1.G. Edwards. Conase Optical
Opties Comm. 87 (1992) 273, Matenals - Databook  (Nauonal  Phyvsical  Laboratory.
[717.A Armstrong. N, Bloembergen. J. Ducuing and P.S. Teddington. 19835

Pershan. Phys, Rev. 146 (1966) 187,

190



