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Abstract: We used ultrafast Fourier-plane optical-parametric-amplification 
(OPA) imaging to simultaneously image, wavelength-shift, and amplify 
complex two-dimensional objects with spatial features from 1.1 to 10.1 line 
pairs/millimeter (lp/mm) in the vertical dimension and from 2.0 to 
16.0 lp/mm in the horizontal dimension, corresponding to a two-
dimensional space-bandwidth product (SBP) of ~46,000. This represents an 
increase in image complexity over previous analogous OPA imaging 
systems by over three orders of magnitude. We observe both wavelength-
shifting the image from 930nm to a wavelength of 700nm and image 
amplification by two orders of magnitude. Our wavelength-shifted image 
has a SBP of ~30,000. 
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1. Optical-parametric-amplification imaging 

The ultrahigh intensities available from ultrafast-laser technology allow access to a wide 
range of high-intensity phenomena and techniques. Whereas earlier laser systems required 
tightly focused beam spots in order to achieve sufficient intensities, recent advances in 
Ti:Sapphire regenerative amplifiers (“regens”) allow high-intensity interactions of unfocused 
beams with relatively large diameters. Vastly improved stability in such amplifier systems 
also makes practical previously impractical highly nonlinear processes. 

Optical parametric amplification (OPA) [1], in particular, which experiences gain that is 
an exponential of the pump-beam intensity, benefits greatly from these technological 
advances. OPA has long been used to nonlinear-optically amplify weak input signals [2], as 
well as to wavelength-convert them, usually from the infrared into the visible [3]. 
Unfortunately, due to its highly nonlinear nature, OPA is very sensitive to and severely 
limited by shot-to-shot jitter of the pump laser. Pulses that are too weak can yield no signal, 
and pulses that are too intense can yield outputs that saturate the detectors or, worse, damage 
the crystal. Such issues significantly complicate applications of OPA, and, as a result, OPA, 
perhaps more than any other optical process, benefits from the high intensity and, especially, 
the vastly improved shot-to-shot jitter of these laser systems. 

Indeed, the use of OPA for imaging applications (see Fig. 1)—first demonstrated in 1968, 
when Midwinter amplified and frequency-shifted a one-dimensional infrared (IR) image to the 
visible [4]—should benefit greatly. OPA imaging involves imaging an object (or target) with 
amplification and perhaps also simultaneous wavelength conversion, spatial-frequency 
filtering, time-gating and phase conjugation. An imaging system then images or focuses the 
target onto a nonlinear medium, where an intense pump beam amplifies (and potentially 
wavelength shifts and time-gates) the target, and an additional imaging or focusing system 
transfers the target image from the OPA medium to a camera. Both monochromatic [5] and 
polychromatic [6] images have been amplified. When OPA is performed to amplify or 
frequency-shift an image, the interaction takes place between the input beams in the nonlinear 
medium, but different interaction planes can be used, depending on the imaging system used. 
The OPA crystal can be placed at an image plane, which is then re-imaged onto the detector 
[6,7]. Spatial frequency filtering in the real image domain is possible, but requires changing 
the crystal angle, which changes the spatial frequency transfer function of the system [8]. 
Placing the interaction plane at a focus causes the interaction to be in the Fourier plane of the 
image [9]. Using this interaction geometry should allow much greater control of the spatial 
frequency transfer function [10,11] by spatially shaping the pump beam. Another potentially 
useful property is that the difference-frequency generation (DFG) beam is the phase conjugate 
of the input image beam, and, with OPA, the phase conjugation occurs in the forward 
direction. As a result, OPA imaging can be performed without the use of imaging lenses [12–
15]; if the same wavelength is used for the OPA and the DFG beams (that is, operating at 
degeneracy), an exact replica of the spatial distribution of the input, but with gain, appears the 
same distance after the nonlinear medium as the object before it. 

#143130 - $15.00 USD Received 22 Feb 2011; revised 1 Apr 2011; accepted 13 Apr 2011; published 22 Apr 2011
(C) 2011 OSA 25 April 2011 / Vol. 19, No. 9 / OPTICS EXPRESS   8921



Fig. 1. A typical OPA imaging apparatus. An image target is illuminated with infrared light and 
transferred by a lens to a nonlinear crystal. A shorter-wavelength pump beam (shown in blue) 
overlaps the image-bearing signal at the nonlinear medium. The OPA process generates an 
intense replica of the image at a new (typically visible) wavelength. It simultaneously amplifies 
the infrared light (the amplified IR beam is not shown). The imaging or inverse Fourier-
transforming (FT 1) lens then images or inverse Fourier transforms the field for detection at the 
camera. 

The goal of such studies is the application of OPA for amplifying and wavelength-shifting 
a complex (i.e., interesting) image – one bearing a large spread of spatial frequencies in both 
the horizontal and vertical dimensions. To determine the complexity of an image, we utilize 
the two dimensional space-bandwidth product (SBP) [16], which is detailed in section 6. 
There has been success in wavelength-converted images using Sum Frequency Generation 
(SFG). The most complex image wavelength-converted using SFG in the real-image plane 
had a SBP of ~16,000 [17].Using SFG with the Fourier plane as the interaction plane, results 
of a SBP greater than 63,000 have been obtained [18]. Sum frequency generation has so far 
proven more successful than OPA in imaging complex objects, and these SBPs are 
significantly better than has been reported previously utilizing OPA as the nonlinear 
interaction. OPA, however, has the additional feature of amplification, and so developing this 
technique is desirable. 

OPA imaging can be done with the crystal at an image plane of the object or at the Fourier 
plane of the object. With the crystal at the image plane, the best previously reported 
complexity contained 4 line-pairs/millimeter (lp/mm) in both the horizontal and vertical 
directions, and achieved amplification by an average factor of ~30, and had an SBP of ~6,000 
[6]. The most complex image to which OPA has been applied using the Fourier interaction 
plane yielded a high gain of >103 [10], which is desirable, but with a resolution of only 1.25 
lp/mm, and a SBP of only ~15. One major advantage to using OPA is the ability to achieve 
high gain. The highest gain ever reported using OPA imaging was in a ballistic-imaging 
experiment, where a gain of 104 was demonstrated [19], although this gain was across a one-
dimensional image in which the detector position was scanned and the detected intensity 
mapped over many pulses, and had a one dimensional SBP of 1.

Here we extend this technology to the imaging of a more complex object and report two-
dimensional OPA Fourier-plane imaging of spatial features from 1.1 to 10.1 line 
pairs/millimeter (lp/mm) in the vertical dimension and from 2.0 to 16.0 lp/mm in the 
horizontal dimension. We observe a gain of ~100, and, although our images were averaged 
over many shots, we used a single-shot geometry, capable of true single-shot OPA imaging. 
To our knowledge, this is the first Fourier-plane OPA imaging of more than a single spatial-
frequency component of an image. The two-dimensional SBP for our Fourier-plane OPA 
imaging system was ~46,000. 
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2. Optimizing gain in OPA imaging 

The main limitations on the achievable gain and image fidelity in OPA imaging involve 
phase-matching for the nonlinear interaction. The interacting beams must be satisfy two 
conditions: 

PUMP OPA DFG   (1a) 

PUMP OPA DFGk k kk k kk   (1b) 

where ‘PUMP’ refers to the pump (the shortest wavelength and most intense) beam, ‘OPA’ to 
the amplified beam at the input wavelength, which in our case is the infrared 930nm input, 
and ‘DFG’ to the wavelength-converted beam, which in our case was the visible 700nm 
beam. As is well-known for all nonlinear-optical processes, achieving phase-matching across 
the entire pulse bandwidth limits the crystal thickness and hence the efficiency [20]. The 
phase-matching process can be performed in several polarization configurations [20],  where 
the phase-matching angle will depend on the polarization on the interacting beams. Here, we 
have used type-I phase-matching, where the pump beam is extraordinarily polarized, so that 
the OPA and DFG beams are both ordinarily polarized. Because the OPA and DFG beams are 
at different wavelengths, isolate either one or the other is simply a matter of filtering the 
desired beam. 

The phase-matching process is not only limited by efficiency and spectral bandwidth 
consideration, but has a limited geometrical acceptance angle [21]. Equation (1b) deals with 
the wave-vectors during phase-matching. While the wave-vector lengths depend on the 
wavelengths, their directions depend on input angles of the interacting beams. In many OPA 
experiments, the change in the phase mismatch (the difference between the left hand and right 
hand sides of Eq. (1b)) as the wavelength is changed is minimized. This configuration is 
commonly referred to as non-collinear OPA, and can lead to amplification across a broad 
spectral range [22]. For imaging applications, it is more important to limit the change in phase 
mismatch as the angle of the interacting waves is changed [23]. As a result of the non-linear 
medium having a limited angular acceptance, the maximum spatial frequency that any OPA 
imaging system will be able to accept is limited by phase-matching considerations. Moreover, 
a somewhat uniform amplification across the entire image is desired is most OPA imaging 
applications. Therefore the gain profile, which is determined by the phase-matching, needs to 
be constant over the image. It is customary in OPA imaging to define a boundary for OPA 
imaging acceptance angles as the angular range over which the gain is always at least 50% of 
the maximum gain for ideal phase-matching [8].

The second limiting factor in an OPA imaging system is OPG [24,25], which involves 
phase-matching of beams not of interest. It is the generation of parametric super-fluorescence 
from noise background light due to the use of an input pump of high intensity. The 
background, also referred to as Optical Parametric Generation (OPG), degrades the amplified 
image and competes for available pump-beam energy. For uniaxial crystals, OPG is generated 
as a pair of concentric rings, each of longer wavelength than the pump, and the longer 
wavelength ring has a larger diameter. As a crystal’s phase-matching angle is changed, the 
diameters and central wavelengths of the OPG rings change, so that the phase-matching 
condition continues to be satisfied for the central wavelengths of each ring. 

To minimize the problems presented by OPG, we chose crystal parameters so that the 
smaller OPG ring occurred at an angle outside the area of the image and used an aperture to 
separate the OPA image from the OPG background. We utilized a completely collinear beam 
geometry for the pump, OPA, and DFG beams, yielding less gain because the OPA process 
was not perfectly phase-matched. Nevertheless, we were still able to achieve over two orders 
of magnitude of amplification across the pulse spectrum. We also observed similar gain across 
a wide range of spatial features (that is, angles). We also used wavelength filters to separate 
the beams after the OPA crystal to isolate the OPA or DFG beam. 
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We measured the spectrum of the input beam and the amplified output beams. We found 
that, despite the phase-mismatch, the only noticeable spectral effect is a slight increase in 
bandwidth, shown in Fig. 2, which is an expected effect during OPA when either of the input 
beams is not well-collimated [22].

Fig. 2. (a) The input spectrum and (b) the two output spectra after the OPA are shown after 
background subtraction. The 930nm peak output spectrum is clearly broadened from the input 
spectrum. This result occurs during OPA when either of the input beams is not well-collimated. 
In OPA imaging, an image bearing signal cannot, by definition, be well-collimated and this 
broadening of the spectrum for the input wavelength will always occur. The output beam at the 
difference frequency is also clearly seen to have less bandwidth than the output OPA beam. 
This is also expected, as conservation of energy dictates that the bandwidth of the lower 
wavelength output beam during OPA will be narrower than the bandwidth of the longer 
wavelength beam. 

3. Maximizing spatial resolution in OPA imaging 

In addition to the above gain limitations, there are geometrical factors that limit the spatial 
resolution of OPA imaging systems. These include geometrical smearing due to the thickness 
of the nonlinear medium [26] and spatial imperfections of the pump beam, which are 
imprinted onto the amplified and wavelength-converted beams. In this section we explain how 
we maximized the spatial resolution of our imaging system by minimizing the distortions due 
to each of these effects. 

The problem of geometrical smearing arises during OPA imaging when the image is 
placed in the real image plane. The pump beam and the input image-bearing beam cross at an 
angle. This leads to an amplified point generated at the leading edge of the crystal which 
differs in transverse position from amplified points generated later in the crystal. The 
amplified beam interacting with the image-bearing beam at different transverse positions in 
the crystal results in a single image point mapping to a range of transverse points in the 
resulting image, that is, an out-of-focus image. 

In a real-image plane geometry, the way to limit geometrical smearing is to use an all-
collinear beam geometry [27]. When the input and output beams are perfectly collinear, the 
transverse positions of the OPA beam do not vary across the crystal length, and geometrical 
smearing does not occur. However, while this holds perfectly for interactions of two plane 
waves, the definition of a complex and interesting image is a beam that contains a nonzero 
range of wave vectors. By its nature, then, an image cannot be perfectly collimated and so 
even use of a collinear geometry cannot completely eliminate geometrical smearing from 
OPA imaging when the amplification is performed in the real image plane geometry. 

In the Fourier plane geometry, this is not the case. At the Fourier plane, the image 
information is contained in the angle of the light, not in its position. As a result, any 
displacement which does not cause a change in angle does not cause a distortion in this 
interaction geometry [27].

The effect of the pump beam must also be considered. It will play a different role for the 
two different geometrical configurations. In the real image plane geometry, the pump beam 
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acts as a physical aperture on the input image, and the image which can be recovered is 
limited by the size of the pump beam (or the lateral dimensions of the crystal). With the 
Fourier plane as the plane of interaction, the pump beams acts as a low-pass filter. Moreover, 
a Gaussian pump beam will cause there to be a non-uniform amplification across the spatial 
frequency spectrum. The highest spatial frequencies, which are furthest from the center in the 
Fourier plane, will be pumped by a less intense region of the Gaussian pump beam and will 
not experience as great amplification as the low spatial frequencies. The Fourier plane 
interaction necessarily includes imaging through a low-pass filter, and to recover a complex 
image requires having a pump beam of large enough lateral dimensions to allow the desired 
portion of the spatial frequency spectrum through this filter. 

Utilizing a high-intensity amplified femtosecond pump pulse, we were able to use a much 
thinner nonlinear medium (1mm thick) than previous efforts. Previous demonstrations, 
conducted using picosecond pump pulses [6], required nonlinear media cm in length, or 
required multiple passes through the crystal [10]. Both of these configurations used a real-
image plane geometry, with the result of significant geometrical smearing. 

The quality of the pump beam spatial profile will also have an effect on the resolution 
achievable in OPA imaging systems. The highest resolution requires using a spatially smooth, 
collimated beam as a pump [27]. In previous demonstrations of OPA imaging, and in most 
other applications of OPA, the pump beam was focused in order to achieve the high pump 
intensities that OPAs require. Utilizing our high-power regen, we were able to spatially filter 
our beam to produce a clean spatial mode and pump our OPA with a well-collimated, 
unfocused, pump beam while still achieving peak intensities of over 1GW/cm2. This was done 
with a pump beam of 2mm diameter. 

A second benefit of using a large-diameter pump beam is that it allows for overlap 
between a greater portion of the image-bearing beam with the pump beam, essentially making 
our low-pass filter have a higher cut-off spatial frequency than previous demonstrations, 
which allows more detail to be discerned in the final image. 

4. Experimental apparatus for OPA imaging in the Fourier plane 

In our experimental OPA imaging apparatus (Fig. 3), we amplified the output from a KM 
Labs kit oscillator with a Coherent Legend Elite Regenerative Amplifier to produce 40fs 
pulses centered at 800nm with pulse energies of 3mJ at a repetition rate of 1kHz. We 
performed second-harmonic generation in a 1mm BBO crystal to produce an e-polarized 
beam at 400nm with 1mJ per pulse, which was used as the pump in the OPA process. 

While the beam from the regen was fairly unstructured to begin with, we built a spatial 
filter to remove the small amount of structure present in it as a result of the second harmonic 
process. It used a 50μm wire die as the spatial-filter pinhole. The pinhole was contained in a 
4Torr vacuum chamber to avoid nonlinear breakdown in air. 

The output from our vacuum spatial filter was 0.5mJ per pulse and was down-collimated 
utilizing a positive and negative focal length lens pair so that the pump beam was collimated 
with a diameter of 2mm. The result of this spatial filter was to smooth the intensity profile, as 
shown in Fig. 4. The shot-to-shot pulse-energy jitter from the Coherent Legend Elite at the 
fundamental frequency was 0.56%. The shot-to-shot pulse-energy jitter at the second 
harmonic, which was used as the pump beam in our OPA after passing through the spatial 
filter was 0.94%. This clean spatial profile and stable shot-to-shot intensity allowed us to 
pump our OPA with a stable laser source. 
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Fig. 3. OPA imaging experimental apparatus. The output from the amplifier was split into two 
beams. Most of the light was frequency-doubled to act as the OPA pump. The rest generated 
supercontinuum, part of which was used as the OPA input, which was passed through an image 
target. The pump was spatially filtered. The two beams were overlapped at a 1mm BBO 
crystal. A filter before the camera transmitted only the OPA beam (or the DFG beam), which 
was detected by the camera. 

A small fraction of the 800nm pulse was focused through 3mm of fused silica to generate 
white-light supercontinuum. This continuum was then passed through an infrared band-pass 
filter, which transmitted 10nm of bandwidth centered at 930nm. This infrared wavelength 
range was selected for two reasons. First, the DFG beam through this process was centered at 
700nm, demonstrating a shift from the infrared into the visible. Second, this infrared 
wavelength is detectable by the PixeLink PL-A741 CCD array we used to record the DFG 
beam, allowing measurement of the amplification of the infrared beam —a desirable situation 
in many practical applications of OPA imaging. 

Fig. 4. Spatial profiles of the pump beam both (a) before and (b) after the spatial filter. The 
spatial profile before filtering displays several hot spots in the most intense regions of the 
beam. These hot spots are smoothed out by the filter. If they had been present in the beam, 
there would have been non-uniform amplification across the input image during the OPA 
process. 

The image was generated by placing a transmitting USAF 1951 target in the infrared beam 
path. The output face of this target was placed one focal length before a 150mm-focal-length
lens. At the focal plane, a 1mm-thick type-I BBO crystal, cut at a phase-matching angle of 
29°, acted as the OPA medium. The 400nm pump beam was e-polarized, and interacted with 
an o-polarized seed beam. The generated OPA beam and DFG beam were both o-polarized as 
a result of this Type-I interaction. This crystal was mounted on a rotation stage so that it could 
be angle-tuned. Because the nonlinear medium was placed at the focus of this lens, the Fourier 
plane of the image became the interaction plane for the OPA imaging system. To perform the 
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inverse Fourier transform on the amplified OPA image or on wavelength-converted DFG 
beam, an achromatic 100mm second lens was placed its focal length after the nonlinear 
medium. The ratio of the focal lengths of these two lenses resulted in a de-magnified image at 
the camera. 

Given the parameters of our experiment, we can determine the angular acceptance of the 
OPA imaging system. The angular acceptance defines the range of angles in the transverse 
plane which can be phase-matched with efficiency of at least 50% of the maximum efficiency 
[7]. Because of the symmetry of the USAF 1951 target, the expected resolution in the two 
lateral dimensions can be measured. For 1mm BBO in a type-I configuration, the half angular 
acceptance in the two transverse dimensions of Δφ = ~13 milliradians for the difference-
frequency wavelength of 700nm. The crystal has a half-angular acceptance at the 930nm OPA 
signal wavelength of Δφ = ~17 milliradians. These angular ranges correspond to an expected 
maximum resolution of ~30 mm 1 for both the signal and idler wavelengths. 

5. Results and discussion 

Our illuminated target, weak input image, OPA amplified image, and DFG wavelength-
shifted image are shown in Fig. 5. This figure demonstrates both amplification of an IR image 
and amplification and wavelength down-conversion of a single image, both of the USAF 1951 
test pattern. Both of these occur simultaneously, and band-pass filters at the appropriate 
wavelength were used to isolate either the OPA beam or the DFG beam. The circular edges 
which appear on the amplified image (Fig. 5(c)) and wavelength-shifted image (Fig. 5(d)) are 
a result of the illumination of our target test by a circular slice of supercontinuum, and not a 
result of the OPA interaction. 

We consider first the OPA image at 930nm (Fig. 5(c)). To measure the amount of gain in 
the amplified infrared image, we deliberately decreased the supercontinuum beam intensity in 
order to generate a weak infrared seed (Fig. 5(b)). This decreased the input intensity to a level 
comparable with the noise floor of our camera. After the OPA crystal, the OPA amplified 
image (Fig. 5(c)) increased to an intensity just below the saturation level of the detector, 
implying an OPA image gain of ~100 (the camera had only 8 bits of dynamic range). While 
features as fine as 57 lp/mm were resolvable in the input image, the Fourier plane OPA 
interaction acts as a low-pass filter for spatial frequencies in the image due to the resolution 
limitations discussed in Section 3. In our image, observable features spanned the range from 
1.1 to 10.1 line pairs/millimeter (lp/mm) in the vertical dimension and span from 2.0 to 16.0 
lp/mm in the horizontal dimension. 
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Fig. 5. (a) The USAF 1951 image target, containing resolvable spatial frequencies from 1.1 
lp/mm in the vertical direction and 2 lp/mm in the horizontal direction to 57 lp/mm in both 
directions. (b) Decreasing the supercontinuum intensity so that the 930nm input image was 
close to the camera noise floor resulted in this barely measurable seed image. (c) Amplified 
OPA image at 930nm (i.e., not wavelength-shifted) with resolvable features as fine as 11.3 
lp/mm. (d) The wavelength down-converted (frequency-upconverted) image recovered at 
700nm with resolvable features as fine as 10.1 lp/mm, is observed to be demagnified and 
rotated 180° with respect to the input image and OPA image. 

Figure 5(d) shows the DFG wavelength-converted image from the 930nm infrared input 
wavelength to a 700nm visible wavelength. The DFG image had resolvable features spanning 
the range from 1.1 to 10.1 lp/mm in both dimensions. This is a slight decrease in resolution 
compared with the amplified OPA image, which is due in part to the fact that this image has 
somewhat more noise than the amplified OPA beam. There is also angular demagnification 
that occurs during the conversion process [27], and so we observe a reduced image size. This 
angular demagnification occurs in all images where wavelength conversion shifts an image 
from a longer wavelength to a shorter one, and the amount of demagnification is the ratio of 
the input to output wavelength, which here will be a demagnification of 930/700 = 1.3, which 
is the demagnification that we observe. 

The detector face of the CCD camera we used was 8.5mm × 6.5mm, with pixels which are 
6.7μm square. The design of the USAF 1951 target is such that cameras are not able to 
simultaneously see the entire range of the largest features on the 1951 USAF target and also 
resolve the smallest features. Because the detector was rectangular and not square, we could 
not capture on it all of the largest horizontal and vertical features in the target simultaneously, 
while maintaining a magnification which would allow us to resolve the finest features in the 
target. We were able to capture vertical features as large as 1.1 lp/mm, but horizontal features 
from only 2 lp/mm. The performance of our OPA imaging system in the horizontal direction 
should not differ from the vertical direction, but, because we were limited by the size of the 
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detector, we could not compare the performances for the largest features on the target in the 
image. 

6. The measured space-bandwidth product 

The SBP [16] is a dimensionless measurement that nicely quantifies the complexity of the 
measured image. One way to construct this quantity is to take the product of the spatial extent 
of an image and the resolution (measured in spatial frequency) of that image. For a two-
dimensional image, a SBP is computed for each transverse dimension, and the total SBP is the
product of these two SBPs. 

For the wavelength-unshifted OPA image, in the vertical dimension, we resolved in the 
amplified image features with a spatial resolution as fine as 10.1 lp/mm. The spatial extent of 
vertical features in our image spanned from the top edge of the group-0 features to the bottom 
edge of the group-2 features. This was a distance of ~8mm. The amplified image had a 
vertical SBP of ~150. In the horizontal dimension, the features spanned ~9mm with resolution 
of 16 lp/mm, so the horizontal SBP was ~300. The amplified image therefore had a two-
dimensional SBP of ~45,000. 

A similar calculation shows that, because of the slightly lower resolution achieved in the 
wavelength-shifted DFG image, the two-dimensional SBP for the wavelength-shifted image 
was ~30,000. 

The largest two-dimensional SBP previously reported for OPA imaging in which the 
Fourier plane was the plane of interaction [10] we calculated to be ~15. The best previous 
measurement for OPA imaging using a real image plane as the plane of interaction [6]
achieved a SBP of ~6,000. 

Recording the space-bandwidth product requires measuring the spatial extent of the 
recovered image as well as the ability to resolve the finest features of the image. It is often the 
case, as it was in our case, that the camera is the main limitation of the ability to report a SBP, 
because using a magnification sufficient to resolve the fine features results in the largest 
features not fitting in the camera aperture. This can be overcome in a multi-shot geometry by 
using multiple FT 1 lenses with different magnifications to recover all the features, and can be 
overcome in a single-shot geometry by using a larger camera array or an array with smaller 
pixels so that large and fine features can be simultaneously recovered. 

7. Conclusions 

Taking advantage of recent advances in the engineering of high-power femtosecond 
regeneratively amplified laser system, we performed OPA amplification of an image utilizing 
the Fourier-transform plane as the plane of interaction. We OPA amplified a complex image 
both with and without wavelength-downconversion (frequency-upconversion), achieving two 
orders of magnitude of amplification across a large spread of spatial frequencies in the input 
image. This appears to be the most complex object ever imaged using OPA. 
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