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Picosecond optical parametric generation and amplification in the near-infrared region within 1.361-1.656 pm and

the mid-infrared region within 2.976-4.875 um is constructed on the basis of bulk MgO:LiNbO3 crystals pumped at

1.064 um. The maximum pulse energy reaches 1.3 mJ at 1.464 um and 0.47 mJ at 3.894 um, corresponding to a pump-

to-idler photon conversion efficiency of 25%. By seeding the hard-to-measure mid-infrared radiation as the idler in the

optical parametric amplification and measuring the amplified and frequency up-converted signal in the near-infrared or

even visible region, one can measure very week mid-infrared radiation with ordinary detectors, which are insensitive to

mid-infrared radiation, with a very high gain. A maximum gain factor of about 7 x 107 is achieved at the mid-infrared

wavelength of 3.374 um and the corresponding energy detection limit is as low as about 390 aJ per pulse.
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1. Introduction

Tunable mid-infrared (MIR) coherent sources
have attracted much attention due to their applica-
tion in quantum optics,t) material spectroscopy,p*g}
speckle-free imaging,!*! and air pollution detection.!”!
Optical parametric generation and amplification
(OPG/OPA) is an efficient approach to generating
a laser with a suitable pump source and MIR non-
linear optical crystals. The nonlinear optical crys-
tal used most often in the MIR region is MgO-doped
lithium niobate (LiNbOs), which combines a high op-
tical damage threshold, large nonlinear-optical coeffi-
cients, and good transparency from the visible to the
MIR region longer than 4 um. In recent years, interest
has been aroused in using periodically poled lithium
niobate (PPLN) as the nonlinear crystals, whose tun-
ing is accomplished by a change of the crystal period-
icity or by a change of the crystal temperature.6—8!
Here, a simply and widely tunable MIR laser source
based on OPG/OPA with bulk MgO:LiNbO3 crystals
is reported, which has particular advantages of being
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angularly tunable and operated at room temperature.
The signal wavelength from 1.361 um to 1.656 pm
and idler wavelength from 2.976 pm to 4.875 pm
are obtained when it is pumped at 1.064 pm, which
have a much wider tuning range than previous reports
of OPG/OPA with bulk MgO:LiNbO3 crystals.[9~12]
The tuning range can be further extended to 600.7—
652.1 nm for the signal blanch and 4.65-2.889 um for
the idler blanch when the OPG/OPA is pumped at
532 nm.

The detection of weak optical signals, especially
spectral components in the MIR region, is always a
problem because the optical detectors are poor with
low signal-to-noise ratio in the MIR region. Many de-
tectors, such as CCD, have very low quantum yields
at wavelengths longer than 1.1 pm.
the OPA technique with a high optical gain can be
adopted to amplify weak signals as a preamplifier.
More importantly, the OPA not only directly ampli-
fies the weak signal but also converts the MIR optical
pulses into the near-infrared or visible range through

Fortunately,
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idler-to-signal parametric up-conversion. In addition,
it allows the indirect detection of MIR components
with a very high sensitivity. Since the signal and the
idler are generated and amplified in a pair and can
be reconstructed both temporally and spectrally from
each other, the characteristic of MIR signals can be de-
tected in the near-infrared or visible range with high
sensitivity. Carlos et al. have detected an MIR sig-
nal by using this technique.'3 The OPA technique
used for detecting weak signals first demonstrated by
Zhang and co-workers has been applied in the detec-
tion of near-infrared weak signal.['¥ In this paper, we
will extend this technique to the detection of a pi-
cosecond MIR weak signal. The detection limit can
be as low as about 390 aJ per pulse at 3.374 um with
a gain as high as about 7 x 107.

2. Experimental arrangements

The schematic diagram of the experimental ar-
rangement is shown in Fig. 1. A passive-active mode-
locked Nd:YAG laser with a repetition rate of 10 Hz
(EKSPLA, PL2143B) delivering pulses at 1.064 pum
with a beam diameter of 10 mm (vertically polarized,
25 ps) is used as the pump source of the OPG/OPA.
After an optical isolator (OI), the beam diameter is
reduced to 3 mm by using a telescope. Then the
pump beam is split into two parts by a beam split-
ter (BS) with a ratio of 1:1. One is used to pump an
OPG/OPA stage and the other to pump an OPA after
a suitable delay. At the OPG/OPA stage, a double-
pass configuration is adopted, which can provide high
gain and reduce the threshold. The signal beam is
reflected by a silver mirror M4. By tilting the two
crystals in opposite directions from the OPG axis,
the beam walk-off of the pump and signal waves in

the two crystals can be partially cancelled. All the
MgO:LiNbO3 crystals for OPG and OPA are cut at
0 = 49° for type I phase matching and have a dimen-
sion of 10 mm(W) x 15 mm(H) x 40 mm(L), which
can be angularly tuned synchronously in the verti-
cal plane to achieve phase matching with the pump
beam at 1064 nm linearly polarized in the vertical
direction. Both end facets of the crystals are pol-
ished at an angle of 2° relative to each other to avoid
back-reflection of the pump laser into the cavity and
antireflection-coated for 1.064 pum, 1.3-1.7 pm, and
3-5 um. After the OPG stage, the generated sig-
nal, separated from the residual pump beam by the
CaF5 dichroic mirror M6, serves as a seed for the OPA
and then injects into the OPA to be further amplified.
The pump and seed beams are combined collinearly
in the MgO:LiNbOj3 crystal by a dichroic mirror M7,
which is also highly reflective at 1.064 um and trans-
mission at 1.3-1.7 um and 3-5 um. The temporal
overlap between the seed and the pump pulse is ad-
justed by precisely controlling an optical delay line.
After the OPA stage, the pump and amplified signal
beams are separated by another dichroic mirror MS.
In order to up-convert the MIR signal into a visible
range, a frequency-doubled Nd:YAG laser at 532 nm is
used as the OPA pump source after a suitable delay.
The MgO:LiNbOg crystal of C8 is cut at § = 51.3°
for type I phase matching and has a dimension of
10 mm(W) x 20 mm(H) x 25 mm(L), which can be
angularly tuned synchronously in the vertical plane
to achieve phase matching. After the OPA stage, the
pump and amplified signal beams are separated by a
CaFg mirror M13, which is highly reflective at 532 nm
at 45°. In order to eliminate the effect of the fluctua-
tion of the pump source, each set of data is taken from
the averaged value over 50 laser shots.
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Fig. 1.

Schematic diagram of the experimental setup.
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OI: optical isolator; L2-L3: lens system; C1-C4:

MgO:LiNbO3 crystals for 1064 nm pumped OPA; C5: 532 nm pumped MgO:LiNbO3 OPA crystal; BS: beam
splitter; M1, M2: mirrors, HR@Q1.064 um at 45°; M3: mirrors, HR@Q1.064 um at 0°; M4: silver mirror; M5-M8:
CaFadichroic mirrors, HR@1.064 pym and HT@1.3-1.7 pm, 3-5 um at 45°; IF: 3.2 um IR long pass filter; M9-M11:
mirrors, HR@532 nm at 45°; M12, M13: CaF2 mirrors, HR@532 nm at 45°.
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3. Results and discussion

3.1. Characteristics of the OPG/OPA
output

A widely tunable MIR radiation source is ob-
tained after optimization of the temporal/spatial over-
lap and the phase-matching condition. The output en-
ergy of the OPG/OPA as a function of wavelength is
shown in Fig. 2. The generated idler energy is deduced
from the Manley—Rowe equation. The output signal
can be continuously tuned from 1.361 to 1.656 pm,
whereas the idler changed from 4.875 to 2.976 um.
Under total pump energy of 6.8 mJ, which corresponds
to a pump intensity of 1.9 GW /cm?, the maximum sig-
nal output energy is approximately 1.3 mJ per pulse
at 1.464 um, whereas the corresponding idler energy
at 3.894 um is approximately 0.47 mJ per pulse. In
addition, the quantum conversion efficiency from the
pump to the generated MIR signal is higher than
25%, which is considerably large since picoseconds
OPG/OPA generation starts from the quantum noise.
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Fig. 2.
OPG/OPA as a function of wavelength. The squares are

Output pulse energy of the 1064 nm pumped

the outputs of the signal branch and the dots are the idler
branch.

The spectral property of the signal radiation is
shown in Fig. 3, which is measured with a fiber spec-
trometer with a spectral range of 0.85-2.5 pm. The
spectrometer is unable to cover the spectral range of
the MIR region beyond 2.5 pm. However, the spec-
tral characters of that part of the MIR region can be
deduced from Fig. 3, and it is quite reasonable since
the signal and idler photons are created in pairs. In
addition, the relative intensity of the signal line is in
accordance with the signal pulse energy, which has
a maximum value at 1.464 um (idler wavelength at
3.894 pum). The intensity drops with the decline of
the pump pulse energy till the signal lines cannot be

detected with the fiber spectrometer, which is defined
as the threshold. In this method, the threshold pump
intensity for 1.464 pm (idler wavelength at 3.894 pm)
is found to be as low as 670 MW /cm? |, corresponding
to the pump pulse energy of 2.4 mJ. The intensity of
the signals at the tuning edges declines and the signal
wavelength cannot be tuned beyond 1.361 pm, cor-
responding to an idler wavelength at 4.875 um due
to the optical absorption at the idler wave by the
MgO:LiNbO3. The data in Fig. 3 show that the ra-
diation in the MIR components can be up-converted
to the near-IR range for detection using a detector in
the near-IR region.
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Fig. 3. Typical spectra of the up-converted signal radia-
tion of the 1064 nm pumped OPA when it is seeded with
an idler radiation in the mid-IR region, showing the effec-
tiveness of parametric up-conversion. The corresponding
seeding wavelength of each peak is marked in the brackets.

The up-converted radiation in the near-IR region
is sometimes difficult to detect effectively in some de-
tectors, such as CCD, which is insensitive to radiation
longer than 1.1 pm. Therefore, up-conversion to the
visible range is very useful for those detectors. The
MIR signal can also be up-converted to the visible
range by seeding the MIR pulse in a MgO:LiNbOs3
OPA pumped at 532 nm. The spectral property of
the visible range is detected by a fiber spectrometer
(spectrum region: 200-1100 nm), which is shown in
Fig. 4. By using this OPA stage, the wavelength range
covers from 600.7 nm to 652.1 nm, corresponding to
the MIR seeds from 2.888 um to 4.651 pm.

Figure 5 shows the dependence of the pulse en-
ergy at a wavelength of 3.374 um on the relative time
delay between the pump of the OPA and the seeds
generated from OPG after being spatially filtered by
using a pinhole with diameter of 1 mm, a series optical
density filters (ODF) and a 3.2 um IR long pass filter.
As shown in the figure, the curve exhibits a pulse du-
ration of about 16 ps, which is shorter than the pump

source.

054213-3



Chin. Phys. B Vol. 21, No. 5 (2012) 054213

4000
" 622.6 nm
= (3.655 pm)
5 80007 612.4 nm
2 (4.052 pm) (%3’27087 nm
3 : pm)
>~ 92000} 600.7 nm
ey @.651 pm) 652.1 nm
g‘ (2.888 um)
0
)
= 1000f J k
0 L L L L L L
560 580 600 620 640 660 680
Wavelength /nm

Fig. 4. The visible spectra for the up-converted MIR
radiation in a 532 nm pumped MgO:LiNbO3-OPA. The
corresponding seed wavelength of the MIR region is also
marked in the brackets.
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Fig. 5. Dependence of the pulse energy at a wavelength

of 3.374 pm on the relative time delay between the pump
of the OPA and the seeds generated from OPG.

3.2. Detection of weak MIR pulses by
parametric up-conversion

Detection of MIR radiation, especially weak ra-
diation in the MIR region, is often a problem, due
to the lack of a suitable detector that can be oper-
ated at room temperature. Such a problem can be
solved easily by seeding the weak MIR radiation as
the idler in an MIR-OPA, such as 1064-nm or 532-
nm pumped MgO:LiNbO3. In the OPA, the MIR sig-
nal, on one hand, can be significantly amplified with
a very large parametric gain and, in the meantime,
it is also frequency up-converted to the signal in the
near-IR or even visible range. The amplification and
up-conversion make detection of the MIR signal very
easy. More importantly, on a low seeding level, the
parametric amplification is linear over a large dynamic
range.

In what follows, we will test the linearity of the
gain factor for the MIR pulse by adjusting the seeding

energy with various optical density filters and measur-
ing the corresponding up-conversion output energy in
the near-infrared region, and then deduce the ampli-
fied signal energy in the MIR region from the Manley—
Rowe equation. Figure 6 shows the relation between
the amplified signal energy and the seeding energy at
3.374 um with a fixed pump energy of 1.9 mJ for the
OPA. With no attenuation of the seeder, the measured
energy of the signal after amplification is 120 uJ per
pulse, which is strong enough to be measured by a
calibrated energy meter. Then, the intensity of seeds
is attenuated step-by-step with a series of optical den-
sity filters (ODF). The amplified signal energy, which
is below the detection limit of the energy meter, is de-
tected by a fiber spectrometer (spectrum region: 0.85—
2.5 um) after calibration by an energy meter. One can
see from the inset of Fig. 6 that, at a low seeding level,
the intensity of the amplified signal increases almost
linearly with the seeding energy changing from zero to
about 1.4 pJ and starts to show a nonlinear relation-
ship with the seeding energy more than 26 pJ. The
gain eventually becomes saturated. The small signal
gain factor is found to be as high as 5 x 10°. While
in the saturation region the amplification factor drops
to an order of 103-10%.
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Fig. 6. Dependence of the amplified signal on the energy
of the seeder in a 1064-nm pumped MgO:LiNbO3-OPA
with one MgO:LiNbO3 crystal in the OPA stage. The
insert shows the linear amplification at low seeding level.

Figure 7 shows the spectrum of the up-converted
signal of the OPA at 1.554 um under seeded and un-
seeded conditions with a total attenuation of about
5 x 107® for the seeder, corresponding to a seeding
energy of 1.2 fJ per pulse at 3.374 um. It is found
that the relative amplitude of the signal is about 129
when the OPA is seeded, while the relative amplitude
of the noise is about 24 when the seeder is blocked,
which corresponds to a signal-to-noise (S/N) ratio of
about 5:1. If the detector is cooled to reduce thermal
noise, the detection limit should be even better.
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Fig. 7. Up-conversion signal spectral output of the OPA
seeded at 3.374 um and unseeded at 1.554 pm.

In order to improve the detection limit and
gain factor further, another MgO:LiNbOj3 crystal is
adopted in the OPA stage. The second MgO:LiNbO3
crystal is also tilted in the opposite direction, thus the
beam walk-off of the pump and signal waves in the
two crystals are partially cancelled. Under the same
experimental condition, the amplified pulse energy is
greatly enhanced and reaches 160 pJ with no atten-
uation of the seeder, as shown in Fig. 8. The small
gain factor increases to about 7 x 107, which is about
two orders of magnitude higher than that with one
MgO:LiNbOj3 crystal in the OPA stage.
with a two-crystal OPA, the gain factor is improved

Therefore,

by two orders of magnitude and the signal-to-noise
ratio is also expected to be improved.
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Fig. 8. Dependence of the amplified signal on the energy

of the seeder in the 1064-nm pumped two MgO:LiNbO3

crystals’” OPA stage. The insert shows the linear amplifi-
cation at a low seeding level.

Figure 9 displays the spectrum of the up-
conversion signal output of the OPA at 1.554 um un-
der seeded and unseeded conditions with a total atten-
uation of about 7.7x1071°, corresponding to a seeding
energy of about 390 aJ per pulse at 3.374 um. From
this figure, the signal-to-noise ratio is about of 1.7:1.

This corresponds to a detection limit in the MIR pulse
at a wavelength of 3.374 um less than 390 aJ per pulse
before being amplified by the two-crystal OPA.
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Fig. 9. Amplified and up-converted signal spectral out-

put at 1.554 um for seeded at 3.374 pm and unseeded in
the 1064 nm pumped two MgO:LiNbO3 crystals OPA.

To see the up-conversion of the MIR signal to
the visible range with an OPA stage, we seeded an
MIR signal at a wavelength of 3.374 wm in a 532-nm
pumped MgO:LiNbO3 and measured the up-converted
signal at 631.5 nm. It is clear that without seeding
there are some small peaks in the background from the
super-fluorescence generated by the OPA. However,
the peak becomes very strong when it is seeded. The
amplified and up-converted beam spot can be clearly
seen with a paper card and the spectrum is displayed
in Fig. 10.
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Fig. 10. The up-conversion signal spectrum at 631.5 nm

with the MIR signal seeded at 3.374 pm when it is ampli-
fied in a 532 nm pumped MgO:LiNbO3 OPA.

4. Conclusion

In summary, we have demonstrated the possibility
of generating widely tunable, picosecond MIR coher-
ent pulses using OPG/OPA with bulk MgO:LiNbOs3.
Pumped by picosecond pulses at 1.064 um, the device
can be angularly tuned to yield signal and idler output
in the range of 1.361-1.656 pm and 4.875-2.976 pm,
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respectively. A maximum signal and idler pulse en-
ergy of 1.3 and 0.47 mJ are obtained with a MIR quan-
tum conversion efficiency of higher than 25%. We also
demonstrated the feasibility of converting ab MIR sig-
nal to the visible or near-IR range in OPA with a very
high parametric gain. In a two-crystal OPA, a maxi-
mum gain factor of about 7 x 107 can be achieved at
the MIR wavelength of 3.374 pm under the pumping
energy of 1.9 mJ, and the corresponding energy detec-
tion limit is as low as about 390 aJ per pulse. This
technique may find wide applications in the detection
of weak MIR signals such as laser remote sensing and
molecular spectroscopy.
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