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Abstract: We realize a high spatially resolved idler imaging with a compact noncollinear
optical parametric amplifier, which is based on type-II phase matching (PM). Using an in-
tense femtosecond laser pulse train as the pump, this amplifier can amplify a separate
continuous-wave (CW) signal with high gain and broad gain bandwidth with no need for
time synchronization between the pump and the signal. In spite of the noncollinear
arrangement of the amplifier, the spatial geometric smearing (SGS) is eliminated inside
the amplifier due to the collinear Poynting vectors of the signal and the idler, which pro-
motes the horizontal spatial resolution of the idler image to approach its vertical spatial
resolution. Our experiments show that this design can improve the 2-D space–bandwidth
product (SBP) of the idler imaging by a factor of 2.8, compared with the noncollinear
type-I PM amplifier. The measured 2-D SBP is more than 73 000, which, to our knowledge,
is the highest value for idler imaging to date.

Index Terms: Idler imaging, optical parametric amplification, spatial resolution, phase-
matching.

1. Introduction
Optical parametric amplification (OPA) imaging has many advantages. For example, OPA can
be used to carry out the wavelength-shift imaging with high gain [1] and the lensless phase con-
jugate imaging [2], [3]. Phase-sensitive noiseless OPA imaging [4], [5] can not only improve the
signal-to-noise ratio, but also promote the angular resolution to approach Heisenberg limit [6].
The collinear degenerate OPA can simultaneously realize noncritical PM [7] for both the angle
and the wavelength to optimize its spatial and spectral bandwidths. The pump intensity-
dependent OPA gain and spatial/spectral bandwidths [8] provide a unique way to promote im-
aging quality. It is well known that using ultrashort laser pulses as the pump can offer the
OPA imaging with high temporal resolution for ultrafast or time-resolved imaging [9], [10]. More
interestingly, an optical parametric amplifiers pumped by ultrashort laser pulses can work at the
pump intensities of up to several hundreds of GW/cm2 [11], [12]. Consequently, the available
OPA spectral bandwidth can be as wide as 250 THz [13], which implies that OPA is qualified
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not only for the monochromatic imaging [14] but for the polychromatic imaging as well [15]. High
pump intensity also provides large spatial bandwidth so the OPA pumped by ultrashort pulses
can be used to implement signal imaging with a 2-D SBP of up to 46 000 [16]. What is more,
high pump intensity means high OPA gain. Using intense ultrashort pulses as the pump allows
an optical parametric amplifier to amplify effectively a CW signal from another separate laser
source [17], which provides great flexibility to change the wavelength of the illuminating signal
for OPA imaging. As a result, one can perform wavelength-shift imaging for different spectral de-
mands or with a large tunable spectral region [18]. This paper presents a compact design for id-
ler imaging. This design is based on type-II PM OPA pumped by an ultrashort pulse chain and
seeded by a separate CW source. Despite the non-collinear arrangement, the Poynting vectors
of the signal and the idler are collinear inside the nonlinear crystal, so the design can remove
the SGS. Correspondingly, the horizontal spatial resolution of the idler image is improved by a
factor of 2.24 compared with that in the type-I PM and is close to the vertical resolution. In our
experiments, we have achieved an idler image with a 2-D SBP of greater than 73 000, which, to
our knowledge, is the highest value for OPA idler imaging to date. Our calculations also show
this design can implement idler imaging almost without SGS over a large spectral region.

2. Experimental Details
OPA imaging involves imaging a target with amplification and simultaneously generating a new
beam (idler) with wavelength conversion and phase conjugation. As shown in Fig. 1, the signal
beam used to illuminate a target (TA) is generated from a linearly-polarized CW laser operating
at 1064 nm. The working power is set to be 1 W, although the maximal output power of the laser
can be up to 10 W. A half wave-plate (HW) following the laser source is used to control the po-
larization of the CW beam. The signal diameter at 1/e2 intensity is expanded to about 10 mm in
order to increase the illuminating area of the TA. A telescope including the lenses L1 and L2 im-
ages TA on to the front surface of a nonlinear crystal (NC) for OPA and reduces the beam size
down to 5 mm to ensure effective pump. The pump laser is the second harmonic of a 1 kHz,
800 nm femtosecond pulse train from a commercial Ti:S laser system which can output a 35 fs
linearly polarized pulse train with a pulse energy of up to 3 mJ. Using a wavelength separator
(SP) coated with broadband anti-reflection centered at 800 nm and broadband high-reflection
centered at 400 nm, the pump and the signal overlap each other with a small intersection angle
(∼2.46°) inside the nonlinear crystal (NC) for OPA. The NC is a �-BBO crystal that is used be-
cause of its large nonlinear coefficient and high laser damage threshold [19]. For a �-BBO OPA
crystal, the pump acts as extraordinary ray for both type-I and type-II PM, whereas the signal
acts as ordinary ray for type-I but can do as extraordinary ray for type-II PM. Accordingly, in or-
der to switch between type-I to type-II PM OPA imaging, we need only replace the �-BBO crys-
tal and rotate the signal polarization by the HW. The intensity of the pump (TEM00 mode) is
estimated at 30 GW/cm2, and the PM for OPA can be optimized by adjusting the crystal. The
non-collinear arrangement makes us be able to select and record the idler images without need

Fig. 1. Experimental setup for non-collinear OPA imaging. TA: Target object; L1∼L3: Lenses; CCD:
CCD camera; SHG: Second-harmonic generator; NC: Nonlinear optical crystal for OPA; HW: Half
wave-plate; GB: Garbage bin; M: Mirror.
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of any wavelength separator and any polarization optics, which can lead to lose some polariza-
tion information of the idler images. As a result, we can conveniently implement optical imaging
for different spectral demands. This alignment also allows the idler to be free from the distur-
bances of the pump and the signal due to the spatial separation among the three interactive
waves. Because the �-BBO crystal is placed at the real image plane, so the idler images can be
recorded by a CCD camera with 1280 � 960 pixels (CCD). A lens (L3) behind the CCD is used
to image the front surface of the NC to the receiving surface of the CCD with 1� magnification.
From above description, one can see that the OPA gain is independent of the input signal
phase, so our setup performs phase-insensitive OPA imaging.

3. Results and Discussions
In our first experiment, we use a piece of 29.2°-cut, type-I PM �-BBO crystal with a thickness of
2 mm for idler imaging due to its high nonlinear conversion efficiency. The 400 nm pump has a
pulse duration of ∼30 fs, so the signal energy within this temporal scale can be estimated at 30 fJ.
After OPA, the idler pulse energy is measured to be 1.75 nJ, much lower than the pump pulse en-
ergy (1 mJ). Theoretically, the spatial resolution of OPA imaging is mainly limited by the gain
bandwidth and PM bandwidth, which depends on crystal length, pump intensity and PM condition
[8]. The gain bandwidth increases and saturates to the PM bandwidth with the pump intensity [20]
which is limited by the laser damage threshold of the nonlinear crystal and pump system. Here,
we set the pump intensity at 30 GW/cm2. In addition, gain bandwidth is proportional inversely to
the crystal length, but a crystal that is excessively thin will sacrifice OPA gain. As a result, we
choose the thickness to be 2 mm. The non-collinear angle is measured to be 2°. After aligning
carefully the �-BBO crystal, we can get the idler around 641 nm with a bandwidth of about 8 nm.
Using a USAF 1951(0) test pattern as target, we have recorded an idler image by a CCD camera
as shown in Fig. 2(a). We find the image has the largest spatial features up to 20.16 lp/mm in
the vertical and 8.98 lp/mm in the horizontal directions within an area of 6.8 mm � 6.8 mm.
The vertical spatial resolution is lower slightly than the calculated gain bandwidth of 27.0 lp/mm as
shown by the solid line in Fig. 2(b), which is reasonable because the gain bandwidth isn't the only
one factor limiting the spatial resolution. However, the horizontal resolution is notably much lower
than the vertical resolution thereby the calculated gain bandwidth.

Our analyses show the difference between the spatial resolutions in the vertical and horizon-
tal directions may originate theoretically from SGS [21] and angular dispersion. The former
arises when the �-BBO crystal is set in the real image plane as shown in Fig. 3(a). For the non-
collinear type-I PM design, the spatial walk-off occurs among the interacting three-waves inside
the OPA crystal. As a result, a point of image at the front surface of the crystal will evolve into a

Fig. 2. (a) Idler image of the target USAF 1951(0) by use of a 29.2°-cut, 2 mm, type-I phase-
matching �-BBO crystal and (b) the calculated parametric gain vs. spatial frequency using a
29.2°-cut, type-I (solid line) or 35.6°-cut, type-II (dotted line) non-collinear �-BBO optical parametric
amplifiers seeded with CW 1064 nm laser and pumped by 400 nm ultrashort pulses.
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line segment at the rear surface due to limited crystal thickness; this process degrades spatial
resolution. The line segment length caused by SGS can be estimated by

�l gs � l � tanð�Þ (1)

where � and l denote the crossing angle between the signal and the idler inside the crystal and
the crystal thickness.

Because the pumping pulse train in our OPA imaging is broadband, the angular dispersion of
the idler due to the non-collinear design may be another factor [22], [23] impairing the spatial
resolution. The different wavelength components of a point on the front surface of the crystal
will also become a line at the rear surface of the crystal in the idler image. The line length due
to angular dispersion can be figured out by

�lad � l � tan ��i � d�ið�iÞ
d�i

� �����
����: (2)

In (2), ��i is the spectral bandwidth while d�ið�iÞ=d�i is the angular dispersion of the idler
where �i ð�iÞ is the wavelength-dependent propagating angle of the idler inside the nonlinear
crystal. According to (1) and (2), we get �lgs � 110 �m and �lad � 0:65 �m in our setup. Obvi-
ously, the SGS effect on the OPA imaging is much stronger than the angular dispersion, so
special attention shall be paid to the SGS rather than the angular dispersion. The line segment
length �lgs � 110 �m caused by SGS means the largest visible spatial features in the horizontal
direction of the idler images is about 9.1 lp/mm, very close to the measured value 8.98 lp/mm.

The conventional method to avoid SGS is to use a collinear OPA configuration when the im-
age is placed in the real image plane. Fourier plane OPA imaging [16] is another way to prevent
the imaging from SGS, where the image information is encoded by the propagating directions,
rather than the spatial coordinates of the carrier waves [21]. However, the pump beam or the lat-
eral dimension of the crystal acts as a low-pass filter, which means both the pump beam and
the crystal are required to have large lateral sizes. Additionally, instead of SGS, Fourier plane
OPA imaging will bring with spatial spectral geometric smearing; in other words, a point in the
Fourier plane before OPA will become a line segment after OPA, which will distort the spatial
spectrum thereby degrade the imaging quality.

In order to eliminate the SGS in a non-collinear OPA configuration, our basic idea is to design
the nonlinear crystal to avoid the spatial walk-off between the signal and the idler inside the crys-
tal. It is well known the direction of the wave vector is coincident with that of the Poynting vector
for an ordinary ray, so it is impossible to remove the SGS in a non-collinear type-I PM �-BBO am-
plifier. In contrast, for an extraordinary ray, its Poynting vector deviates from its wave vector by a
walk-off angle, which inspires us to remove the SGS by setting a proper non-collinear angle so
that the crossing angle between the signal and the idler is equal to the walk-off angle between
the Poynting vector and the wave vector of the signal. Fortunately, this idea can be realized in a
type-II PM configure, where the idler beam acts as ordinary ray while the signal and the pump do
as extraordinarily rays. As depicted in Fig. 3(b), the Poynting vector of signal deviates from the
wave vector by a walk-off angle �s but propagates in parallel with the Poynting vector of the idler

Fig. 3. (a) Spatial geometrical smearing arises in the non-collinear type-I PM OPA configuration and
(b) the method to eliminate it in the non-collinear type-II PM OPA. o.a: optical axis.
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which goes collinearly with the idler wave vector inside the �-BBO crystal, i.e., � ¼ �s. Here we
suppose the diameter of pump beam is large enough to avoid the deviations of the signal and
the idler beams from the pump when propagating inside the NC.

It is well known that the PM condition in the non-collinear configuration can be expressed as

kp ¼ kscos�þ k icos�

kssin� ¼ k isin� (3)

where � and � are the angles between signal and pump and the angle between idler and pump,
respectively, while � ¼ �þ � refers to the crossing angle between signal and idler. The sub-
scripts ‘s,’ ‘i ’ and ‘p’ represent the signal, idler and pump waves. The wave vector value jkj j ¼
2	nj=�j (j ¼ s, i , or p), nj denotes the refractive index which depends on the polarization state
and propagation direction of a ray inside the crystal, and �j denotes the wavelength of the sig-
nal, idler or pump. For a type-II PM uniaxial crystal (e.g., �-BBO) with the PM angles of
ð�s; �i ; �pÞ, if the signal acts as an extraordinary ray, its refractive ns becomes �-dependent, i.e.,

nsð�sÞ ¼ no

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2�s

1þ no
ne

� �2
tan2�s

vuuut (4)

where �s is the signal angle when (3) is met, and no or ne represents the refractive index of
the ordinary or extraordinary ray in principal plane. The walk-off angle �s between the Poynting
vector and the wave vector of the signal can be express by [24]

�sð�Þ ¼ arctan
sinð2�sÞ

2
n2
o � n2

e

n2
osin

2�s þ n2
ecos2�s

 !
: (5)

Accordingly, if � ¼ �s, (5) becomes

�þ � ¼ arctan
sinð2�sÞ

2
n2
o � n2

e

n2
osin

2�s þ n2
ecos2�s

 !
: (6)

From (3)–(6), we can figure out both �, � and �s. Fig. 4 shows our numerical calculations on
the angle between signal and idler � and the signal walk-off angle �s versus non-collinear an-
gle � in a type-II PM �-BBO amplifier. One can see that � ¼ �s occurs at � ¼ 2:46� where the
Poynting vectors of signal and idler are collinear inside a 35.6°-cut �-BBO crystal.

According to Fig. 4, we have designed a 2 mm-thick, 35.6°-cut, type-II PM �-BBO crystal with a
non-collinear angle of 2.46° to remove the SGS. When �s ¼ 1064 nm and �p ¼ 400 nm, Fig. 2(b)
presents the parametric gain of this design vs. spatial frequency with the dotted line under a

Fig. 4. Angle between signal and idler � and the signal walk-off angle �s versus non-collinear angle
� in a type-II PM �-BBO crystal when �s ¼ 1064 nm and �p ¼ 400 nm.
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pump intensity of 30 GW/cm2. The calculated 3 dB bandwidth is 38 lp/mm, which is larger than
27 lp/mm: that in the type-I case (the solid line).

After rotating the HW in Fig. 1 so that the polarization of the CW 1064 nm laser is parallel to
that of the 400 nm pump, we can begin our second experiment, the type-II PM OPA imaging,
just by using a 35.6°-cut 2 mm-thick type-II PM �-BBO crystal to replace the 29.2°-cut type-I
PM one. The idler pulse energy is measured to be 0.23 nJ with corresponding parametric gain
up to 1:2� 104. Fig. 5(a) is the recorded idler image of the target USAF 1951(0) with the type-II
non-collinear optical parametric amplifier. The image has the largest spatial features up to
20.16 lp/mm in the horizontal direction and 25.39 lp/mm in the vertical direction, with an area of
6.8 mm � 6.8 mm. Compared with the idler image shown in Fig. 2(a), Fig. 5(a) shows the type-II
PM design has improved the spatial resolutions in both the horizontal and the vertical directions,
which agrees with the theoretical results in Fig. 2(b). In Fig. 2(b), the pump depletion can be
neglected because the pulse energy of the amplified idler is much smaller than the pump
pulse energy. Especially in the horizontal direction, the measured spatial resolution has in-
creased by more than 2.24 times, which verifies our preceding analyses by (1) and (2). The re-
moval of the SGS allows the idler imaging to have its horizontal spatial resolution close to its
vertical resolution. However, the measured resolutions in both directions are still lower slightly
than the calculated values in Fig. 2(b), which is understandable because the gain bandwidth is
not the only factor restricting the spatial resolutions of OPA imaging. In addition, the horizontal
resolution is still lower than the vertical. Besides the phase-mismatching among the interactive
three waves and the angular dispersion of the broadband idler, we think the rest SGS still plays
role in blurring the idler images because our type-II PM design can actually eliminate the SGS
caused from the information carried by the low spatial frequencies. Nevertheless, Fig. 5(a)
shows we have get an idler image with a 2-D SBP more than 73000.

In Fig. 5(b), we calculate the non-collinear angle � and the pump PM angle �p vs. signal
wavelengths �s around 1064 nm when keeping �s ¼ � in our type-II PM configuration pumped
by 400 nm ultrashort laser pulses. The angle � increases from 2.34° to 2.52°, whereas �p de-
creases from 37.8° to 34.0° with the signal wavelength from 946 nm to 1166 nm. The calculated
spatial bandwidth changes from 33.6 lp/mm to 38.8 lp/mm. The insensitivities of � and � to �s

mean that, although our setup is design for a signal wavelength of 1064 nm, it can also work for
a wide spectral region ranging from 946 nm to 1166 nm to realize high spatially-resolved idler
imaging only by subtly tuning the direction of the crystal and the incidence angles of the signal.

4. Conclusion
This paper reports a high spatially-resolved non-collinear OPA idler imaging with a 2-D SBP
greater than 73000 and a parametric gain of up to 104, where the signal is a CW laser beam. Be-
sides the intense femtosecond pulse laser pump, the high 2-D SBP shall be attributed mainly to

Fig. 5. (a) Measured idler image of the target USAF 1951(0) and (b) the calculated non-collinear
angle � and the pump PM angle �p vs. signal wavelength by use of a 2 mm-thick, 35.6°-cut and
type-II PM �-BBO crystal as optical parametric amplifier pumped by 400 nm ultrashort laser pulses.
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the removal of SGS by choosing a non-collinear type-II PM configuration. According to our exper-
iments, the recorded idler image has the largest spatial features up to 20.16 lp/mm in the hori-
zontal and 25.39 lp/mm in the vertical directions within an imaging area of 6.8 mm � 6.8 mm.
According to our calculations, this non-collinear type-II PM configuration can ensure to remove
the SGS over a large spectral region. Our setup uses a CW laser as signal, which can avoid the
complicated temporal synchronization between the signal and pump, thereby simplify the setup.
The non-collinear arrangement needs no polarization optics or wavelength separator to select
and record the idler images, which cannot only abate the loss of the idler image information and
be free from the disturbances of the pump and the signal but implement conveniently optical im-
aging for different spectral demands as well. In conclusion, we have presented a compact setup,
which can implement idler imaging with large 2-D SBP over a large spectral region.
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