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A weak infrared (IR) image amplifier with more than 60-dB optical gain and frequency up-conversion
is developed from a picosecond (PS) 355-nm pumped gated optical parametric amplifier (OPA) in a -
BaB204 (BBO) crystal. The IR image at 1064 nm is amplified and up-converted into the visible region
at 532 nm by parametric amplification and up-conversion. With the optimized optical gain, the lowest
detectable energy of the image can be as low as 1.8 femto-Joule per pulse, which is three orders of magnitude
lower than the detection limit of a charge-coupled device (CCD) camera. The transversal resolution of the
OPA imaging is investigated, and the approaches for higher detection sensitivity and higher transversal

resolution are proposed.
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Frequency up-conversion imaging with high optical gain
is beneficial in several applications such as chemistry,
biomedical diagnosis, and remote sensing. In addi-
tion to the commonly used electronic devices, such as
intensified and electron-multiplying charge-coupled de-
vices (CCDs), nonlinear optics provides an efficient ap-
proach in the direct optical amplification for diverse
mechanisms. These mechanisms include photorefrac-
tive effect!!), stimulated Raman scattering!?!, stimulated
Brillouin scattering!®!, optical parametric amplification
(OPA)| and etc. Compared with other candidates,
the OPA-based imaging has the potential to simulta-
neously achieve frequency up-conversion, high optical
gain, and polychromatic amplification. OPA has been
performed as early as 19684, but its potential was
not fully investigated until the progresses in picosecond
(ps)/femtosecond (fs) laser systems and nonlinear crys-
tals (NLCs) were realized[®=8l. In the fs region, Watson et
al.P! demonstrated a 40-dB gain with a fs OPA. Vaughan
et all achieved 20-dB magnitude image amplification
to the complex target with frequency up-conversion us-
ing fs OPA. In the ps region, more than 40-dB image
amplification is also demonstrated without the frequency
up-conversion[®. Compared with the fs scheme, high gain
is more difficult to obtain using the ps OPA. Therefore,
studies on OPA-based high gain image amplifiers with
frequency up-conversion still mainly focus in the fs re-
gion, with a maximum gain of no more than 40 dB.

In this letter, a high-gain infrared (IR) image amplifier
based on an ultraviolet (UV)-pumped ps-OPA is demon-
strated. The weak IR image is also up-converted into
the visible region through parametric signal-to-idler up-
conversion, and the optical gain is as high as 60 dB. After
the amplification, the weak IR image can be detected us-
ing a CCD camera, which is more sensitive in the visible
region. The limit of the detectable signal is three orders
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of magnitude more sensitive than the direct CCD cam-
era imaging. This optical gain is two orders of magnitude
higher than previously reported values.

OPA is a typical three-wave coupling process in an
NLC. Under the phase-match condition, one photon of
the pump beam at frequency wy, is converted into a pair
of photons with frequency of signal wg and idler w; under
the restriction of energy conservation shown as

hwp = hws + hw. (1)

When a UV laser is adopted as a pump beam and a
near-IR signal is injected into the OPA, the near-IR sig-
nal can be amplified, and the frequency up-converted and
detected with a visible detector. The wavelength of the
near-IR image can be extended to mid-IR as long as the
NLC permits. The small signal gain coefficient gy of the
IR signal beam is given byl

_ @)wr”d A 5
g0 [(50 ngNi offps (2)

where ng and n; represent the refractive indices for the
signal and the idler waves, respectively, deg is the effec-
tive nonlinear coefficient, depending on the type of NLC
and phase match, and A, is the electric field of the pump
beam, which is proportional to the square root of the
power density I,. To guarantee a net gain, go > Ak/2
should be satisfied. In this letter, Ak is the phase mis-
match. For the frequency up-conversion application, the
energy gain (G) of the idler to the input signal is shown
as
Wi

2
90 .
G= o [? smh(g/LC)} , (3)

where g'=/g3—(5)2, and Lc is the length of the optical
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Fig. 1. Experimental setup. ATT: attenuator; PBP: Pellin-
Broca prism; OBJ: object; NDF: neutral density filter; BPF:
band pass filter; SF: spatial filter; DL: optical delay line. L1,
L2, and L5: image lens; L3 and L4: telescope lens; M1-M3:
highly reflective mirrors at 1064, 355, and 532 nm, respec-
tively; M4-M5: dichroic mirror; BD: beam dump.

NLC. When the phase match is completely satisfied
(Ak = 0,90 = ¢'), the gain factor of the OPA is sim-
plified in

G=2 [sinh(a.deﬂ.\/E.Lc)} ° (4)

L [2209:i]1/2 * The extra bonus of the fre-
o lngninpe

quency up-conversion is that the energy gain will mul-
tiply a factor of wj/ws, which is 2 in our experiment
because the frequency of the idler is twice that of the
signal. The factor can even be more if the image is in
the mid-IR. A longer NLC and a higher pump intensity
are evidently necessary to obtain a higher gain. However,
a trade-off exists between the optical gain and the spa-
tial resolution. According to the theory of amplification
transfer function!!?), phase mismatch Ak is deliberately
introduced to obtain a higher resolution!*!.,

The experimental setup is shown in Fig. 1. An attenu-
ated image pattern generated by the fundamental output
of a 10-Hz, 1064-nm Nd:YAG laser (p-polarized, 30 ps,
2143-C, EKSPLA) is treated as the signal in the OPA.
The third harmonics output of the same laser at 355 nm
(p-polarized) is served as the pump beam. Thus, the idler
beam is at 532 nm according to Eq. (1). A 5-BaB2Oy4
(BBO) crystal is selected as the NLC because of its large
nonlinear coefficient and acceptable damage threshold.
BBO is cut at §=29°and ¢=0° for type-I phase-match
(0 4+ 0 — e), and the corresponding effective nonlinear
coefficient is 2 pm/V. The dimensions of the crystal are
5 x 8 x 10 (mm) (WxHxL).

To remove other frequency components that may af-
fect the OPA gain measurement, a Pellin—Broca Prism
(PBP-1) is inserted into the beam path of a 355-nm pump
laser. Then, its beam size is reduced to roughly 3.6 mm
by a telescope consisting of two lenses (L and Lg). The
collinear OPA configuration is used so that the pump
and the signal spatially overlap with each other. The
temporal overlap between the signal and the pump beam
is achieved by optical delay line. When the these re-
quirements are all satisfied, the weak IR image can be
amplified and up-converted into the visible region simul-
taneously. Dichroic mirrors My (AR at 1064 nm and
HR at 355 nm) and M5 (AR at 532 nm and HR at 355
nm) are used to combine the signal with the pump beam
and separate the idler output from the signal and pump
beam, respectively. The residual pump beam is collected
by a beam dump. To reduce the parametric fluorescence

where o =

background with the increasing pump intensity, a spatial
filter (SF) and a narrow band-pass filter (BPF) at 532
nm are used.

The signal beam at 1064 nm passes through the atten-
uator (ATT), which is a combination of a half-wave plate
and a thin film polarizer, so that the energy of the sig-
nal laser can be continuously adjusted. A Pellin—Broca
Prism (PBP-2) is also inserted into the beam path to
eliminate irrelevant frequencies. Then, the signal beam
illuminates a two-dimensional (2D) object (OBJ), which
is a glass plate coated with standard resolution patterns;
the uncoated parts transmit the signal beam. A set of
calibrated neutral density filters (NDFs) is inserted to
further reduce the signal. A cascaded imaging system is
used, with the image lens L3 (focal length: fl = 400 mm)
and Ly (fl = 300 mm). The target is imaged at plane P1,
which is also the input facet of the BBO crystal, where
the weak image is amplified. Finally, the amplified im-
age is relay imaged by L5 at P2, where it is recorded
by a CCD camera or an energy meter. The size of the
signal beam is reduced to one-fourth of its original size
by controlling the magnification of the imaging system
composed of L3 and L4. The distances from the target to
L3, from L3 to L4, and from L4 to the nonlinear optical
crystal are set to 880, 50, and 209 mm, respectively.

The optical gain of the IR signal versus the pump inten-
sity is investigated first. The energies of the signal and
output idler beams are both measured with a sensitive
energy meter (NOVA-II, Ophir, Israel) and an nJ-energy
detector (PD10, Ophir, Israel). The image is recorded by
a 12-bit CCD camera (SCOR-20, Spiricon, USA), which
is located at the position of the BBO crystal in Fig. 1.
The lowest energy detectable by our CCD camera is cal-
ibrated. The 1064-nm signal is continuously attenuated
using the ATT and NDFs. The image becomes under-
detectable with the CCD when the energy of the signal is
reduced to 1.9 pJ per pulse. The signal is further reduced
to around 1 pJ per pulse. Then, the pump beam is in-
troduced, and the amplified and frequency up-converted
image is observed. NDF's are used in front of the idler
beam to avoid saturation of the CCD camera.
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Fig. 2. (Color online) Energy gain versus pump intensity. Red
dashed curve is the numerical simulation from the three-wave
coupling, and the blue solid curve is the experimental energy
gain versus pump intensity. Inset (a) is under-detectable im-
age without a pump beam, whereas inset (b) is the amplified
image under 1.56 GW/cm? pump intensity.
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Fig. 3. Experimental results of parametric fluorescence ver-
sus different pump intensities. Insets (a) and (b) are images
of parametric fluorescence corresponding to 0.74- and 1.56-
GW/ cm? pump intensities, respectively.

The optical gain of the IR image versus the pump
intensities is measured as the laser beam intensity grad-
ually increases, as shown by the blue solid curve in Fig.
2. More than six orders of magnitude (60 dB) gain is ob-
tained when the pump intensity exceeds 1.25 GW/cm?.
To simulate this process, a numerical model is estab-
lished by applying the three-wave coupling equations to
the OPA?l| and the energy gain versus the pump in-
tensity is numerically simulated and plotted in the red
dashed curve with square dots. The output image with-
out and with the OPA interaction is shown in insets
(a) and (b) of Fig. 2, respectively. The circular dis-
tribution with three bars (corresponding to 2 lines/mm
resolution) at the center is clearly observed after am-
plification. The numerical simulation and experimental
results agree well at low pump intensity. However, the
deviation between the experimental and simulation re-
sults becomes remarkable when the pump intensity is
increased to more than 1.5 GW/cm?. The simulation
and experimental results under 1.56-GW /cm? pump in-
tensity are 7.1 x 10% and 5.8 x 109, respectively. When
these two values are 9.0 x 10° and 8.7 x 10°, the pump
intensity is 1.21 GW /cm?.

The increasing deviation can be attributed to the rapid
growth of the parametric fluorescence generated by opti-
cal parametric generation that starts from the quantum
noise. The energy of the parametric fluorescence is mea-
sured with the nJ energy detector after the signal is
blocked. The energy versus the pump intensity is shown
in the red curve in Fig. 3. The curve indicates that
even if the parametric fluorescence is efficiently sup-
pressed with the SF (a 1.0-mm aperture; GCM-5702M,
CDHC-optics), its energy still increases by two orders of
magnitude from 2.1 to 212.3 nJ when the pump intensity
increases from 0.74 to 1.56 GW/cm?. Insets (a) and (b)
of Fig. 3 show the corresponding spatial distribution
of the parametric fluorescence. Given that the increase
in the parametric fluorescence deteriorates the output
image, a tradeoff between the parametric gain and the
fluorescence intensity should be reached, and the pump
power intensity is not further increased.

The transverse resolution is further investigated based
on the resolution chart. The different parts on the reso-
lution chart are illuminated one by one by a laser because

of the limited field of view (FOV) of our imaging module.
The amplified images are shown in Fig. 4, in which the
images from the first to the fourth row correspond to 2,
4, 6, and 8 lines/mm resolutions, respectively. The im-
ages with 2 to 6 lines/mm resolutions are well recognized.
Considering the limit of acceptance angle of BBO, the
resolution limit is approximately 8 lines/mm, as shown
in the bottom part of Fig. 4.

Detection sensitivity is the most critical issue in sev-
eral applications. Therefore, the detection limit of OPA-
assisted CCD is examined in our experiment. Consider-
ing that the 2 lines/mm region on the resolution chart is
selected as the input image, the original image contains
three bars in the FOV. Although the increasing pump
intensity leads to a larger optical gain, it also leads to
a larger parametric fluorescence. Accordingly, a pump
intensity of 1.44 GW /cm? is selected through the exper-
imental optimization. In the experiment, the original
image is not detectable without OPA when the pulse
energy is less than 1.9 pJ. The input signal is further
reduced with the combination of ATT and NDFs. The
amplified and frequency up-converted image with differ-
ent input signals are plotted in Fig. 5. Although the
SF is also introduced to suppress the parametric fluores-
cence, the amplified image is blurred by the background
when the input signal becomes weaker. When the input
signal is reduced to fJ scale, the output image becomes
seriously blurry. In our experiment, the signal is reduced
to 1.8 fJ per pulse with optical density of 10.9. This
signal is more than three orders of magnitude weaker
than the lowest detectable level of CCD at 1064 nm.

To further improve the detection sensitivity, the para-
metric fluorescence suppression should be the first prior-
ity. Approaches such as spatial filtering and non-collinear
OPA could be used, especially in the fs region!'3:14.
Meanwhile, for the signal laser with higher repetition
rate, a lock-in amplifier could be used to improve the
signal-to-noise ratio (SNR). For instance, when the laser
repetition rate is 1000 Hz, a weak amplified signal sub-
mersed in the parametric fluorescence background can be
recovered with a lock-in amplifier and a mechanical chop-
per modulating at 100 Hz. The amplified signal can be
easily extracted from the background noise, which is not
temporally modulated, by filtering the frequencies!!5!.

To enhance the transversal resolution, the imaging
module and NLC could be optimized. Firstly, NLCs with

Fig. 4. Resolution chart of the amplified images. Images from
the top to the bottom row correspond to the 2, 4, 6, and 8
lines/mm resolutions, respectively.

111901-3



COL 11(11), 111901(2013)

CHINESE OPTICS LETTERS

November 10, 2013

Fig. 5. Output up-converted images at 532 nm from CCD
with 1.4-GW/cm® pump intensity under different seed in-
frared injections of (a) 1.5 pJ, (b) 90.4 fJ, (c¢) 11.7 fJ, and
(d) 1.8 1J.

larger acceptance angle are needed because the accep-
tance angle of the BBO is too small to obtain a higher
transversal resolution. For instance, for the pump beam
at a longer wavelength, such as 532 nm, LiB3O5 is a good
candidate because of its larger acceptance angle. The ad-
vantage of frequency up-conversion can be optimized by
converting the IR signal to the spectral region around
800 nm. This signal is more sensitive for the CCD cam-
era by selecting an appropriate set of pump and signal
wavelengths. Secondly, a proper imaging magnification
can be selected when a Gaussian distribution of the pump
beam is replaced with a flat-top distribution, and the uni-
formity of the output image can be improved. Moreover,
a well designed image lens groups, instead of simple sin-
gle lens, allow higher resolution.

In conclusion, using a BBO-based OPA in the ps re-
gion, we demonstrate an optical image amplifier with a
60-dB gain, which is two orders of magnitude higher than
previously reported values. The lowest detectable image
energy can be reduced to sub-10 fJ per pulse, indicat-
ing that the detection limit of an ordinary camera could
be extended by OPA. The OPA-based image amplifier
could provide an alternative approach for the electron
multiplying CCD for sensitive imaging by effective sup-

pression of the parametric fluorescence. Techniques for
higher resolution and higher detection sensitivity are also
proposed. In addition, the detectable wavelength can be
significantly extended to IR or mid-IR region as long as
the NLC permits.
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