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Low noise image amplification by
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Most of the reseacch on the photorefractive
image amplification in the past adopted the
configuration of forward two-wave mixing
(FTWM), However, the beam fanning cffect, a
kind of forward stimulated photorefractive
scattering (SPS), usually leads the amplificd
image to a poor signal-to-noise ratio (SNR),->
In this report, we tound contradirectional two-
wave mixing (CTWM) can effectively remove
the noise in the amplified image and can raise
the gain.

For comparison, both of the configurations
of FTWM and CTWM were investigated in our
experiment. The extraordinary polarized
pump and signal beams from a Fle-Ne laser
entered the crystal as shown in Figs. 1(a) and
1{b) for FTWM and C1'WM, respectively. The
initial power ratio of pump and signal beams is
7 % 10", The dimensions of the Ba1i0, crystal
are 84 mm X 7.5 mm X 7.0 mm with the
c-axis along the 7.0 mm edge. The Rh-doping
concentration is about 218 ppm.

The original image and the amplified itmage
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CMO6 Fig. 1. Scheme of (a) FTWM aud (b)
CTWM.

(c)

CMO6 Fig. 2. Comparison between the am-
plified images in the CTWM and FIWM
schemes. (a) Inpul image. (b) Awmplitied image
(6000X) by FI'WM scheme. (c) Amplified image
(10000 X} by CI'WM scheme.

by FI'WM and by C'I'WM arc shown in Figs.
2(a), 2(b) and 2(c), respectively. As reported
previously,’-* the image in Vig. 2(b) is sub-
merged in the noise from the beam fauning.
However, the image in Hig. 2(c) is very clear. At
the steady state, the measured SNR and gain
areabout Gand 6 X 10° for FI'WM and 2 X t0*
and 1 X 10" for CTWM, respectively, Here, the
SNR and gain (g) were calculated by the fol-
lowing cquations?:

. Iy —
SNR=-% 7 (1

where [, is the initial signal power behind the
crystal; I is the total power of the amplified
signal beam and the noise; I, is the noise
power that can be delined as the power of the
SPS along the signal beam direction when the
signal beam has been cut off and the gratings
formed by signal and pump beams have been
crased.

The above experimental results clearly
show that the image amplified by CTWM hasa
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CMO6 Fig. 3. Time cvolution of the SPS
powers. The solid and dashed curves corresponc
to the backward and forward SPS.

much better quality and higher gain than that
by FTWM., We believe this is due to the follow-
ing advantages of CTWM. Firstly, the forward-
going beam tanning from the pump beam can
not affect the backward-going signal beam in
the C1'WM scheme. Sccondly, the backward
SPS from the pump beam can be climinated
automatically at the steady-state because
C1'WM has a smaller coupling constant than
FI'WM.¢ Figure 3 is the measured time evola-
tion of the total power of the forward and
backward 8PS from the pump beam. One can
see that the backward SIS power is lower than
the forward SPS power by three orders of mag-
nitudes. Furthermore, the backward SPS is
crased after the forming of the beam fanning.
Linally, the CTWM scheme does not need all
of the optical energy to pass through the whole
crystal. The most of pump energy can be
brought out by the signal after a very short
trip.® Therefore, the CTWM scheme reduces
the losses caused by absorption and SPS, which
leads to a higher gain in the CTWM scheme.
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Doping effects in polarization switching
of lithium niobates
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Quasi-phase-matching (QPM) of ferro-
clectric nonlinear optical crystals with periodi-



cally 180° inverted domain structures has
merged as an important technology for non-
linear frequency generation, A plethora ol ve-
seacch activity in nonlinear optics has ben-
cfited from the availability of periodically
poled lithium niobate (PPLN) and lithium
tantalate (PPET) as the source for infrared op-
tical parametric and harmonic gencration.
Greal challenge, however, resides in manipu-
lating Lhe coercive field required for polariza-
lion switching such that high fidelity of fine
QPM structure can be maintained in the
course of frequency conversion.!

By far, comsnon practice has regarded the
congruent grown lithium niobate (LiNBO,)
and lithium tantalate (1i1aO,) as the cost-
effective materials for fabricating QPM devices
despite the enormously large coercive field
(>20 kV/mm) and internal field (>3 kV/mm)
associated with the non-stoichiometric crystal
growth.? It has been recently noted that 4 ~ 5
times and 14 times reduction in the polariza-
tion switching field, respectively, can be
achieved by growing stoichiometric crystals of
LiNBO, and 1ila0,. However, the stoichio-
metric grown LiNbO, crystal has turned out to
have fower optical damage threshold than the
congtuent grown one. Low level of magnesium
oxide (MgO) doping is hence desived to sup-
press the optical damage.” Tn this work we
report an investigation of the zinc oxide {Zn0O)
doping effects on the periodical poling process
of congruent grown LINDO, crystals. It is
found by increasing the 7nQ) doping level up
o 8 mol.%, the polarization switching field in
ZnO:LINDO, can drop down to 2,5 LkV/mm
with an inlernal field strength reduced to ~0.5
lVimm. We thereby are able to not only re-
duce the polavization switching field in con-
gruent grown LINDO, crystals by one order of
magnitude, but also minimize the correspond-
ing axial anisotropy in the periodicai poling
process for the fivst time to our knowledge. We
attribute the latter to an cftective suppression
of the crystal non-stoichiometry by ZnO dop-
ing [n reducing the density of vacancy and the
anti-site point defects.

The /-cut, 500-jum-thick congruent grown
ZnO:LINDO, substrates used in this study were
diced into 1 em X [ em squares and had a
patterned arca of 10 mm* contacted to the
lithium chloride liquid electrodes. The ZnO
doping level investigated in this study was var-
ied from 5 mol % to 8 mol. %. In order to
stabilize the domain reversal process, a fast
turn-on, high peak reverse voltage bearable
rectifying diode was in scries with the poling
apparatus such that relagation of the inverted
domain can be suppressed at the termination
of high voltage pulsed field poling,

Shown in Fig. | are the {(a) field (B) depen-
dence of the polarization switching rate (/1)
on 5 mol.% ZnO:LiNDO,, and () wave forms
of polarization swilching currents on various
(5 ~ 8 mol.9%) ZnO:LINbO, in a forward (3.5
V) and a reverse (2.9 KV) poling case, respec-
tively. The linear dependence of 1/i; on £ is
found to be independent of the poling direc-
tion, It signifies an apparent sidewise dowmain
motion in the high ficld regime. The axial an-
isotropy in the lateral sweeping rate of the 180°
inverted domain motion can be characterized
by the equation of v, =+ p [F = (£, & 14, )]
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Fig. 1. Field dependence of the (a) po-

lavization switching rate, andd (b) wave forms of
the switching current in the forward and reverse
poling direction on various ZnO-doped LINbO,
substrates.
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ZnO:LINbO (mol.%)

CMO7 Fig. 2. The ZnO doping dependence
of threshold ficld and internat field in congroent
grown LINDbO,.

upon which a threshold ficld /Y, and an inter-
nal {ield £, of 3.6 kV/mm and 0.45 kV/mm,
respectively, can be identified for the case of 5
mol.% Zn(:LiNBO,. [ the mobility maodel
analysis shown above, the -+ (=) signin (i, %
B,,.) refers to the case of forward and reverse
poling, respectively.! We also note from Fig,
1{b) that the polarivation switching current
and sweeping rate increase with the ZnO dop-
ing such that a higher ZnO doping resulis in a
shorter switching time.

Shown in Yig, 2 are the measured ¥, and
Ii;,, dependence on the 7ZnQ doping in the
congruent grown LiINDO, substrates. The data
are obtained by measuring the ficld depen-
dence of the polarization switching current
and the corresponding waveform in the for-
ward and reverse poling direction similar to
those shown in Fig, 1, and by fitting with the
mobility model analysis. We first note a dra-
matic decrease of B, down to 2.5 kV/mm with
the increase of ZnO doping to 8 mol.%, Tt is
worth comparing with the 1, value of 17.6
kV/mm in the case of undoped congruent
grown 1LANDO,.* Correspondingly, the £, . also
drops by onc order of magnitude and reaches a
value of 0.5 kV/mm. We attributed these ob-
servations to the effective suppression of the
crystal’s non-stoichiometry by the ZnQ dojp-
ing in reducing the density of vacancy and the
anti-site point defects. In applying the ZnO
doping method to control the periodical pol-
ing process of LINDO,, we illustrate inFig. 3a 5
mol.% ZnO:PPLN whose periodicity was de-
signed to be 20 . Albeit itis forweard poled at
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CMO7 Fig. 3. Cross-sectional view of the 5
mal,% ZunOPPLN forward poled at 5 kV/mm.

a much smaller field of ~10 kKV/mm, a good

control of the aspect ralio is preserved aver the

3-mm sample length and across the 500-pm-

thick substrate.

In summary, we have found ZnQO an cffi-
cient doping in reducing the switching and
internal ficld on the congruent grown LINDO,
substrates. "Uhe obscervations of one order of
nmagnitude reduction in these fields ate attrib-
uted to au effective suppression of the crystal
non-stoichiomelry by the Zn0 doping in re-
ducing the density of vacancy and the anti-site
point defects.
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Designs for efficient high-energy high
brightness Q-switched cladding-pumped
ytterbium-doped fiber lasers
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Double-clad rare-carth-doped fiber lasers
pumped by high brightacess laser diodes are
very elficient and compact sources of cw and




