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l o w  noise image amplification by 
contradirectional two-wave mixing in 
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Most of tlic research on tlie pliotorefraciivc 
image aniplificaLion in the past adopted ihc  
configuraiiiin oi forward two-wave mixing 
(IN'WM), Howevcr, the beam fanning effect, a 
kind oi' iorward stimulated photorefractivc 
scattering (SPS), usually leads tlic amplified 
image to a poor signal-to-noise ratio (SNR).'-I 
In this repnrt. we fomnd coiitradirectiond two- 
wave mixing (CIWM) can effectively rciiiovc 
tlie noise in the amplified image and ci i i i  raise 
the  gain. 

For comparison, both of the conligur;itions 
of FTWM and C I W M  were investigated in our 
experimciiL. T h e  extraordinary p(ilarizci1 
pump a n d  signal beams from a IIc-Ne laser 
entered the crystal tis sliowii in Figs. I(a) and 
1 (I)) for FTWM aiid CIWM, respectively. 'The 
iiiilial power raiin ofpuinp and signal beams is 
7 X 10". The diincnsions oi the Bal'iO, crystal 
are 8.4 nini X 7.5 iiiin X 7.0 m i l  with the 
c-axis along the 7.0 iniii edge. 'The Rh-doping 
concentration is about 218 ppm. 

The original imagr and the ainplified iiiiage 

(c) 
CM06 Fig. 2. (:omp;irison bctwem the a n -  
plilieil images i n  tlic (XWM and FTWM 
schemes. ('I) Input image. (11) Amplilied image 
(6000X) b y  FI 'WM sclmnc. (c) Amplified im;ige 
(IOOOOX) hy (YI'WM schenic. 

by FI 'WM and by C'IWM arc sliow~i in Pigs. 
2(a), 2(b) and Z(c), respectively. As reported 
prcvioiisly,'-' ihe itnagc in Iiig. 2( l i )  is sub- 
merged in  t l ic noise irom the bcain fanning. 
However, tlie iniagc in Pig. 2(c) is veryclear. At 
tlie steady statc, the measured SNR and gain 
areaboiit6aiid6 X 10'forFIWMand2 X IO" 
and I x 10"for (:~'WM, rcsyectivcly. ~qcrc,  the 
SNIC :in11 goin (g) were calculated by tlie Col- 
lowing cqii:iti,iiis2: 

C M 0 6  Fig. 1. Sclicmc 01 ('11 FTWM mil (111 
( :WM.  

where r,,,, is the initial signal power bcliind the 
crystal; 1, is the total power oi the aoiplitied 
signnl I i e a n i  ancl the noise; I ,  is the noise 
power that can bc delinetl :IS the powcr oT t l ic 
SPS along tlic signal bc;iin direction when the 
signal beam 1x1s bee11 cut  [iff a n d  tlic gratings 
lormed I)y signal and pump beams liave been 
erased. 

'l'lir ab(ive expcriincntal results clearly 
show that l l i c  image amplified by CTWM lias a 
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C M 0 6  Fig. 3. Time evolution of t h e  SI'S 
powers. Thc solid and d;ishcd cnrve~ correspond 
to tlic backward a n d  forward SI'S. 

n i d i  better quality and higher gain than that 
Iiy FTWM. We believe this is due to tlie follow- 
ing advmtages of CTWM. Firsily, thc forward- 
going beam fanniiig Srom the pinnp beam can 
not affeci the backward-going signal beam iri 
the C ' W M  scheme. Scciindly, the  Imkw;ird 
SI'S froin the pump heam c i i n  lie eliminated 
automatically a t  the steady-state because 

lias a smdler coupling constant than 
.6 Pigore 3 is the measured rime evolii- 

Lion CIS the total power of the forward and 

see that tlie backward SI'S power is lower rlian 
the forward SPS power by three orders ofniag- 
nitudcs. Piirtiicrmore. tlie backward SI'S is 
erased after tlie Ibrming of the Iicam fanning. 
l~inally, the (:TWM scheme does not need all 
oithe optical cnerhy LO pass tlirougli tlic whole 
crystal. 'The iiiost of  pump energy can be 
broughi out by the signal after a very short 
trip." Tlierelore, the CTWM scheme reduces 
the losscs caused by absorption and SI'S, which 
lcads to a higher giin in thc CI'WM scheme. 
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Doping effects in polarization switching 
of lithium niobates 
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(luasi-pliase~niatcliiiig (QPM) of ferro- 
electric nonlinear opt ical  crystals with periodi- 



cally I 80" invcrtcd domain structures has 
nicrgeil iis a n  impiirtant technology for i i m -  

linear iieqwxcy gcnerdion. h plethora V S  re- 
searcli activity in uiinlinear optics llas bell- 

clitetl Sriini the availability of periodically 
poled lithium niobatc ( P P L N )  and  litbiuin 
tantalate (Pl'l,T) as the source for inhired np- 
tical parametric and harmonic generation. 
(;reat challenge, however, rcsides in ~iianipii- 
lating h e  coercive Tield required for pnlarix- 
tiiin switcliiug such that high iidelity nf line 
QPM structurc can be maintained ill t h e  
course of frequency ciinvcrsii,n.' 

I\y far, common practice has rcgariletl thc 
ciingriient grown lithium niiiliate (LiNbO,) 
and l i~hiuni  tantalate (l,il':iO,,) ns the cost- 
ci'l'ective nwtcrials lor fiibricating QI'M devices 
clcqiitc the enormously large coercive field 
(>20 l<V/inrii) mil internel field (>3  1~Vimm) 
associated with the non-stoicliiometric crystal 
growth.' It has been recently noted that 4 5 
times and 14 times rcduction in t he  polariza- 
tion switcliing Sield, respectively, can h e  
achieved Iiy growing stoicliiiimetric crystals ol 

0 ,. Ilowcvcr, the stoichio- 
10, crystal has turned out tu 

have lower optical damage tllreshold than thc  
congruent grown oiic. I.owlcvel nf inagnesiurn 
oxide (MgO) doping is l i encc  desired to s u p  
press tiic optical datnage.' rn  this work we 
report an  inveslig,ition ofthe zinc oxide (XnO) 
doping effccls on the periodical poling pro 
o l  cimgruent g r i i ~ w  LiNbO, crystals. It is 
Sound by incrciising the %nO doping level up 
to 8 mol.%,, tlie pcilnrization switching iield i n  
ZnO:I.iNbO, CJII drop down LII 2.5 kV/num 
with a n  inlernd f ield strength reduced to -0.5 
kV/mm. We thereby are able ti) not olily re- 
dnce the polarkition switching field in ~(111- 

grucnt grown I,iNli03 crystals hy i m e  iiriler n f  
magnitude, hut also minimizc the correspond- 
ing axial anisotropy in the periodical poling 
priiccss for tlie first time to o u r  knowledge. We 
attribute the Litter to an cifectivc suppression 
(if the crystal lion-stoichiiimetry by ZnO diip- 
iiig io reducing the density of vacancy and the 
anti-site point defects. 

The %-cut, 5OO-~~ni-thick congruent grown 
%nO:I.iNbO, substrates used in this study wcrc 
diced iiitv 1 ciii X I c n ~  squares and had a 
patterned ai-ca of 10 nim' cnntacted to the 
litliiimi chloride liqnid elcctriiclcs. T h e  ZnO 
doping level iiivestigated ill this s tudywa  var- 
ied frouii 5 i n d  O/o to 8 mol. %. hi order to 
slahili/,c the domaiii rcversal priiccss, a Sast 
~ur1i-011, higlr p ~ l i  reverse voltage Iie.irable 
recticying diodc w:\s in scries with thc poling 
appar,itus such that relaxation O S  the inverted 
domain can he soppressed at  the tcrniiiiatioii 
of high vnlkige pulsed field poling. 

Shown i n  Fig. I arc the (a) t i c l c l  ( E )  depeli- 
clence OS the polarimtinn switching rate ( l / t>)  
on 5 mol.%, %nO:LiNhO,, and (11) wdve forms 
ol polarimtion switching ctirrents 011 various 
(5 ' -  8 mol.%) %nO:l.iNhO, in a/br-wnri/ (3.5 
kV) and a reverse (2.9 kV) piiling case, rcspcc- 
tively. 'The linear depen~ lence o f  lit.< 011 I: is 
fmnid tii he indcpetidcnl nf the poling d im-  
tion. It signifies an apparent sidewise dnmain 
motion in the high Cicld reginle. 'l'he axial an- 
isotropy in the lateral sweeping riite iifthe 180" 
inverted donlain Inntion can  be cllaracterized 
hy tlic equatinn of v ,  : pJI! ~ (Pi,!, i l!,,,J], 
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*nO:L,Nl iO, (n io l .%)  

CM07 Fig. 2. 'l'hc ZnO doping depcnilencc 
uf threshold ticld and  inteiii,il ticld in Longrncnt 
growu i.iNI)O,. 

iqiiin whicli a tlireshohl field and a n  intcr- 
nal iield I:,,,, of 3.6 kVimni and 0.45 k V / ~ n m ,  
rcapectively, can  be identified for the case OS 5 
iiiol.% ZnO:LiNli03. [U the mcibility niotlcl 

liown above, the + (~ ) sign in ( I : ( ! ,  i 
rs to thc case of fiirward ; i n c l  reverse 

ing, respectivcly:' We a ls i i  note from Fig 
l (b )  that the pnlarization swiicl~in>: current 
ai id  sweeping rate incrc; ise witli t h e  7,110 dop- 
ing such that a higher %nO clirping results in a 
shortcr switching time. 

arid 
ii,,:, deycndeiicc on t l ic ZnO d q ~ i n g  in t h e  
ciingrucnt grown I .iNI)O, substraies. 'Ylic dxta 
;ire obtained by ineasur ing the iicld c1cyc11- 
i l encc  ot the polarization switching current 
and  the corresponding waveiorm iii t h e  Siir- 
wnrd and rcversc pnliii~; direciion silirilar to 
those sliowri in Fig. I, ;id by litting with the 
niohility m o d e l  analysis. We Sirst note a <Ira 

e nfl;,!, cliiwn ti1 2.5 kViinm with 
the incrcase 01 %nO doping to 8 ~nd.%. It is 
worth compariiig will1 the valuc 01- 17.6 
li\'/min ill the iasc of undoped mogriiciit 
grown I . iNhO, . ' ( :o r resp i~~id in~ly ,  thc  also 
h y s  by one order ol'nii~gniti~de and reachcs a 
v a l ~ ~ c  o( n.5 1~Vi1nni. We attributed thcsc nh 
scivations LO tlie cilcctivc suppression of t h e  
crystal's non-st(riLliiiinictry by the %nO d o p  
ing in reducing tlie density of vac;lniy arld the 
anti-sitc point defects. I o  iipplying t h e  7,110 
doping " A d  tu control t h e  periodic;il pol- 
ing prncc'ss nfLiNI)O,, we illustralc in Fig. 3 a i  
oiol.'%, Zn0:I'PI.N whiisc periodicity wiis de- 
signed to l i e  20 ~ , I I I .  Allicit it isjorwalri pcilcd at 

' 

Shown in 1;ig. 2 are the n l e i w d  

'1 n ~ n c l i  snialler tield ill - - lo  kVimin, a good 
c o n t r d  oftlie aspect ratio is preserved iiver the 
3 - m r u  saluplc Icllglh illld Llcrnss the 500-p111- 
tliick suhstratc. 

In suiiimaiy, wc have Sound ZnO an cfSi- 
cicnt ihiping in reducing the hwitcliiug and  
internal field on t h e  coiigruent grnwn TiNbO, 
substiatcs. 'l'lic i~ l i s c rva t in~~s  01 one i i rder ol 
n ~ ~ i g n i ~ u d c  reduction in these f ie lds are attr ib-  
u t cd  tu iiii effective s u p p  
iion-stiiiclii(irnctry by th 
ducing tlre i lcnsi ty vi' vacinicy and the  ;inti-si~e 
point dcl'ccts. 
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