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Th e rev iew of recent exp eriment al work on photoref ractive grating recor d-
ing and frequenc y degenerate nonlin ear wave mixing in p erio dicall y poled

lithiu m nio bate is given . W e rep ort , in particular, on new results concern-
ing photoref ractive grating recording in perio di cal ly poled lithium niobate
by tw o orthogonal ly polari zed eigenw aves (ordinary and extraordinary ), on

coherent self-oscil lati on in semilin ear cavity , on evaluation of the e˜ective
photo voltaic Ùeld in iron- dop ed perio dic all y poled lithium niobate.

PAC S numb ers: 42.65.H w , 42.40.Pa, 77.80. {e

1. I n t rod uct io n

T radi ti onal ly, periodi cal ly poled ferro electri c crysta ls are used to im pro ve
phase matchi ng in di ˜erent three- wa ve m ixi ng processes[1{ 3] (sum and di ˜erence
frequency generati on, frequency doubl ing, opti cal parametri c oscillati on, etc.). W e
report on exp erimenta l study of di ˜erent ki nds of four- wa ve mixing in periodi cal ly
poled l i thi um ni obate (PP LN) del iberatel y doped wi th Y (to achi eve periodi c pol-
ing) and Fe (to enhance photo refracti ve response). The advantage of PPLN :Y: Fe
consists in stro ngly inhi bi ted nonl inear response at low spati al frequenci es (i .e.,
reduced \ opti cal damage" ) wi th stro ng response at high spati al frequenci es, whi ch
al lows for e£ cient grati ng recordi ng [4{ 6].

2. P h y sic a l b ack gr oun d

The nonl ineari ty of photo refracti ve crysta ls is due to the devel opm ent of the
space-charge Ùeld E sc tha t modiÙeshi gh- frequency di electri c constant vi a l inear
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electroopti c e˜ect (the Pockels e˜ect) [7{ 9]. The l ight- induced refracti ve index
change is given by

Â n = À (1 =2 )n 3 r e˜ E sc ; (1)

where n i s the refracti ve index and r e˜ i s the e˜ecti ve electroopti c constant. The
space-charge Ùeld m ay arise because of photo excited carri er di ˜usi on or charge
redi stri buti on in externa l electri c Ùeld E 0 . The ul ti mate value of the space-charge
Ùeld E sc i s l im ited in thi s two cases by the di ˜usi on Ùeld E D = (2 ¤ =Ê )( k B T =e )

(where k B i s the Bol tzmann consta nt, T i s the temperature, e i s the electron
charge, and Ê i s the characteri sti c scale of the spati al intensi ty distri buti on, e.g.,
Ê = Ñ= (2 sin ˚ ) i s the fri nge spacing for grati ng recordi ng, 2 ˚ being the f ul l angle
between recordi ng waves in ai r) or by appl ied electri c Ùeld E 0 .

In doped crysta ls wi th low conducti vi ty an e£ cient charge tra nsp ort pro cess
is the bul k photo vo lta ic e˜ect [8], i t may result in developm ent of very large space
charge Ùelds up to 1 0 4

À 1 0 5 V/ cm. The steady state electri c current is generated
in the short- circui ted i llum inated sam ple, whi ch is proporti onal in the sim plest
scalar case to the l ight intensi ty I :

j = Ù e˜ I ; (2)

where Ùe˜ i s the e˜ecti ve photo vol ta ic constant. The am pl itude of the space-charge
Ùeld whi ch is due to pho to vol ta ic charge separati on is equal to the e˜ecti ve pho-
to vol ta ic Ùeld

E p v = j =¥ ; (3)

where ¥ i s the crysta l conducti vi ty [8].
The refracti ve index change for photo vo l taic photo ref racti ve m ateri al is

Â n = À (1 =2 )n 3 r e˜ Ùe˜ I =¥ : (4)

The e˜ect of the dom ain inversion on photo refracti ve grati ng recordi ng depends
on parti cul ar charge tra nsp ort process. For di ˜usi on-mediated or dri ft- m ediated
charge separati on the sign of the space charge Ùeld is independent of ori enta ti on
of the sponta neous polari zati on axi s P s and rem ains the same in adjacent dom ains
whi le the e˜ecti ve electro opti c consta nt in Eq. (1) does depend on the sign of
P s. Thi s m eans tha t the contra st of the phase grati ng recorded in the sam ple is
reversed in every new dom ain wi th inverted P s di recti on. In other wo rds there is
a ¤ -shift in phase of the recorded phase grati ng in every new dom ain. The to ta l
recorded structure looks like a sequence of thi n stri pes wi th compl imenta ry phase
grati ngs: m axi ma changed to m ini ma and vi ce versa in adj acent dom ains, Fi g. 1a.
The parti al contri buti ons to the wa ve di ˜ra cted from the grati ngs at the Bra gg
angle in two adj acent domains wi l l theref ore be also out of phase and integ rati on
over to ta l sam ple thi ckness wi l l give a vani shing to zero intensi ty for the di ˜ra cted
wa ve.

The resul t di ˜ers substa nti al ly in case of photo vol ta ic charge separati on.
Here the di recti on of photo vo lta ic current also depends on ori enta ti on of ferro-
electri c axi s. If the axi s of sponta neous polari zati on is inverted both the e˜ecti ve
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Fig. 1. Schematic representation of the ref ractive index grating structure in p erio d-

icall y poled lithium niobate w ith the di˜usion driven charge transp ort (a) and w ith

photo voltaic charge transp ort (b). L is the domain lattice perio d and Ê is the index

grating spacing.

electroopti c constant r e˜ and e˜ecti ve photo vol ta ic constant Ù e˜ change thei r signs
so tha t the sign of refracti ve index change remains uncha nged (see Eq. (4)). In such
a way there is no phase shift between photo refracti ve grati ngs recorded in dom ains
wi th opposite di recti on of ferro electri c axi s, Fi g . 1b. The questi on rem ains, how
stro ngly the am pl itude of photo refracti ve grati ng is a˜ected by the dom ain inv er-
sion.

The analyti cal soluti on for the spati al structure of the space-charge Ùeld in
periodi cal ly doped crysta ls wi th photo vol ta ic charge tra nsport was Ùrst deri ved
in [10]. The m ain concl usion tha t can be extra cted from thi s soluti on is tha t for
l ight fri nges wi th spacing much smal ler tha n the dom ain latti ce period L the
am pl i tude of the space charge Ùeld in PPLN sam ple appro aches tha t in a per-
fect sing le-dom ain sam ple. If , on the contra ry, the spati al vari ati on of the l ight
intensi ty becom es much larger tha n the typi cal dom ain wi dth the corresp ondi ng
space-charge Ùeld is decreasing. It vani shesto zero i f the domain latti ce is perfectly
sym m etri c, i .e., the wi dth of domain wi th positi ve P s i s equal to tha t of dom ain
wi th negati ve P s.

The qual i ta ti ve expl anati on of thi s behavi our is as fol lows. If the dom ain
latti ce period is much larger tha n the fringe spacing the space-charge Ùeld inside
each dom ain appro aches the Ùeld tha t wo uld be induced in a sing le-dom ain crys-
ta l wi th the same orienta ti on. The inÛuence of the charges in other domains on
the space-charge Ùeld in considered separate domain is relati vel y smal l . In adj a-
cent domains wi th reversed P s the space-charge Ùeld has the sam e strength and
opp osite di recti on. A stro ng v ariatio n of the space-charge Ùeld occurs onl y near
the dom ain wal ls where the Ùeld E sc passes a zero value. Unti l the thi ckness of
the tra nsi ti onal layers between two anti para llel domains is smal l compared to the
dom ain wi dth L= 2 the space charge Ùeld in any parti cul ar dom ain is close to the
e˜ecti ve photo vo l taic Ùeld.

W hen the fri nge spaci ng becom es larger the e˜ect of the tra nsi ti onal layers
becomes im porta nt and the space charge Ùeld starts to decrease. For Ê ƒ L (l ow
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spati al frequency K = 2 ¤ =Ê ) the space charge Ùeld becomes stro ngly reduced
because of a qui ck al terna ti on of positi ve and negati ve photoinduced charges along
each fringe. The calcula ted space-charge Ùeld com ponent along the grati ng vecto r
K is [4, 10]:

E KK = À E p v [ 1 À (2 G =K ) ta nh ( K =2 G ) ] ; (5)

where G = 2 ¤ =L is the spati al frequency of the domain latti ce. The norm al ized
space charge Ùeld E KK = E p v i s plotted in Fi g. 2 as a functi on of the norm al ized
spati al f requency (K =G ).

Fig. 2. C alculated dep endence of photoref ractive resp onse versus spatial f requency of

light intensity inhomogen eity . T w o vertical lines show typical K , one (right) for the

recording of photoref ractive grating w ith 1 ñ m spacing, the other one (lef t) for single

laser beam with the b eam w aist 1.5 mm. The PP L N domain lattice p erio d about 7 ñ m

is assumed in calculati ons.

For smal l f ringe spacing (l arge K =G ) the space charge Ùeld E appro aches
i ts ul ti m ate value E p v tha t can be reached in sing le dom ain crysta l whi le for large
scale intensi ty vari ati on (K § G ) E is decreasing as E / ( K =G ) [4, 10].

Thus the main adv anta ge of doped photo refracti ve PPLN crysta ls as nonl in-
ear m edium for the grati ng recordi ng and f requency degenerate four- wa ve m ixi ng
is i ts unusua l spati a l frequency response, wi th good sensiti vi ty at hi gh spati al
frequenci es (grati ng recordi ng wi th high di ˜ra cti on e£ ciency is possible) and sup-
pressed sensiti vi ty at low spati al frequenci es (inhi bi ted opti cal damage). W e wi l l
present in wha t fol lows f ew exam ples how these properti es are mani fested in di f-
ferent typ es of the four-wa ve m ixi ng in PPLN.

The Ùrst exp erimenta l dem onstra ti on of the opti cal damage inhi bi ti on was
reported in our paper [5 ] for bul k PPLN crysta l grown in Mo scow State Uni versi ty
from congruentl y melted compositi on by Czochra lski techni que [11], co-doped wi th
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Y and Fe. The i ron content in PPLN sampl es used in these prel im inary experi -
m ents was relati vely low, about 0.006wt. % (sampl eK2 41). T o pro ve the possibi l i ty
of opti cal damage inhi bi ti on in more heavi ly doped sampl es we check now the di -
verg ence of the laser beam tra nsmi tted thro ugh 1 mm thi ck sam pl e f rom PPLN
tha t conta ins ten ti m es larger am ount of i ron, about 0.06wt. % (sam ple K2 43).

The sam ples are cut in such a wa y tha t the pol ished input/ output faces
are para l lel to the dom ain wal ls. A rem arkable feature of the sampl es from bul k
PPLN is tha t they consist of two periodical ly poled parts separated by a centra l
2 m m single-dom ain area (near the boule axi s). Thi s is useful for compari son of
the data , obta ined for PPLN, wi th tho se related to the sing le-dom ain part: al l the
parameters of every sam pl e except i ts domain structure are the same.

Fig. 3. Far Ùeld intensity distributi on for frequency- doubl ed N d3 + :YA G laser (a), (b),

for the same laser b eam transmitted through the single domain area of the sample

(c), (d) and transmitted through PPLN area (e), (f ). The light w ave inside the sample

is ordinary for (c), (e) and extraordina ry for (d), (f ). PPLN sample K 243, ‘ = 1 mm.

Fi gure 3 represents the far-Ùeld intensi ty distri buti on of the output beam
from the frequency doubled diode pum ped Nd 3 + :YAG laser (a), (b), of the same
beam tra nsmi tted thro ugh the sing le-dom ain part of the sam ple (c), (d) and tra ns-
m i tted thro ugh PPLN part of the sampl e (e), (f ). The upp er row of the graphs
(a), (c), (e) shows the data for ordi nari ly polari zed l ight inside the sam ple whi le
the lower row (b), (d), (f ) gives the data for extra ordi nari ly polari zed l ight. The
laser beam wa ist at the input face of the sam ple is about 1.2 m m.

As one can see, the di vergence of the beam tra nsmi tted thro ugh the PPLN
part of the sam ple (e), (f ) is m uch closer to the di vergence of the inci dent laser
beam (a), (b) as com pared to the divergence of strongly deteri orated wa ve tra ns-
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m i tted thro ugh the single-dom ain part o f the sampl e (c), (d). The e˜ect is less
pro nounced (but neverthel essobvi ously present) for ordi nari ly polari zed l ight be-
cause the relevant electro opti c coe£ cient for ordi nary wave r 1 3 3 = 8 pm / V is
3.5 ti m es smaller tha n tha t for extra ordi nary wa ve r 3 3 3 = 3 0 pm / V [12].

4 . R eco r d ing of 3D ph ase grat i ngs wi t h or t hogonall y polar ized
l ight wa ve s

Successful recordi ng of high e£ ci ency 3D phase grati ngs in PPLN: Y: Fe wi th
two identi cally polari zed light wa ves (extra ordi nary wav es of the crysta l ) have
been al ready reported in [5]. One parti cul ar feature of the photo vo l taic charge
tra nsport consists in possibi l i ty of photo vol ta ic current exci ta ti on by two wa ves
tha t are polari zed ortho gonal ly, one ordi nary and other extra ordi nary [8, 13]. These
two waves do not pro duce the spati a l vari ati on of intensi ty but they give ri se to
spati al modul ati on of polari zati on of the to ta l l ight Ùeld. Som e com ponents of pho-
to vol ta ic tensor for crysta ls of 3 m symm etry (Li NbO 3 ), l ike, e.g., Ù a

1 3 1 and Ù a
2 3 2

just deÙne the currents tha t depend on polari zati on of inci dent Ùeld; these cur-
rents change the propagati on di recti on to opposite one whenever countercl ockwi se
ci rcul ar polari zati on is tra nsform ed into clockwi se (so-cal led \ circul ar photo vol ta ic
currents" ). Thi s m akes possibl e the recordi ng of the space-charge grati ngs by two
ortho gonal ly polari zed coherent l ight wa ves [13]. The anisotro pic di ˜ra cti on f rom
these grati ngs is al lowedbecause of non-vani shing components r 3 1 3 and r 3 2 3 in elec-
tro opti c tensor of li thi um ni obate. In our paper wri tten and presented at W aseda
Sym posium in 1997 [14] we pointed out tha t circul ar photo vo l taic currents can be
e£ cientl y used for grati ng recordi ng in PPLN as well .

In the exp eriment the l ight beam s from the frequency doubl ed diode pum ped
Nd 3 + :YAG laser are used for grati ng recordi ng in 1 mm thi ck sam ple of PPLN

Fig. 4. Measured dependence of the di˜ractio n e£ciency versus grating spatial fre-

quency for polariza tion anisotropic grating recording. Filled squares corresp ond to PPLN

part w hile open dots corresp ond to single domain area. PPLN sample K 243, ‘ = 1 mm.
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K2 43. Fi gure 4 shows the dependence of the di ˜ra cti on e£ ciency of the recorded
grati ng on spati al f requency. It is worthwhil e to underl ine rather high di ˜ra cti on
e£ ciency (the largest measured value for opti m ized intensi ty rati o of the recordi ng
wa ves reaches60%) and characteri sti c K 4 drop down of the e£ ci ency at low spati al
frequenci es tha t reÛects K 2 dependence of the refracti ve index change accordi ng
to Eq. (5).

5. Co h er ent opt ical osci l l at io n

Pho toref racti ve crysta l pum ped by two counterpro pagati ng waves m ay serve
as a phase conjugate mirro r (see, e.g., [15]). If the reÛectivi ty of such a phase
conjugate m irro r becom eslarger tha n 100% (am pl iÙed phaseconjugate reÛectivi ty)
i t can f orm to gether wi th the ordi nary hi gh reÛecting m irro r a cavi ty and coherent
oscil lati on may occur [16]. Two possible geometri es used in thi s study to get the
self-oscil lati on in \ semi linear" cavi ty [15] are depicted in Fi g. 5. Thi s parti cul ar
typ e of coherent oscil lato r attra cts special interest of researchers because of i ts
abi l i ty to com pensate for intra cavi t y phase distorti ons.

Fig. 5. Exp erimental geometry to study coherent oscill atio n in PPLN , w ith retrore-

Ûected pump beam (a) and w ith two indep endent pump b eams (b). M are the mirrors,

Ñ =2 are the phase retarders, B S is the beam splitter, and P D (not show n in this Ùgure)

are the photo detectors.

The coherent oscil lati on wi th bul k homogeneously poled Li NbO 3 :Fe was
achi eved for the Ùrst ti m e already long ago [17, 18]. The angul ar di vergence of the
oscil lati on wa vehave however been orders of m agnitude larger tha n the di ˜ra cti on
l im it, on the order of few degree of arc [18] because of the stro ng opti cal dam age
induced in the sam ple by the pum p and oscil lati on wa ves.

W e repeated now these exp eriments ta ki ng PPLN: Y: Fe instead of bul k iron
doped l i thi um niobate. The same Ar + -laser (Ñ = 0 : 4 8 8 ñ m ) as in Ref. [18] is used
to form the pum p wa ves. Two possibl e l inear polari zati ons of the pum p wa ve
have been used (extra ordi nary and ordi nary wa ves of the crysta l ), as also two
di ˜erent orienta ti ons of the sampl e ferro electri c axi s (in plane of pum p wave and
oscil lati on wa ve and norm al to thi s plane). In thi s way we were able to test the
photo vol ta ic currents tha t are due to al l stro ngest com ponents of photo vo l taic ten-
sor in i ron-doped Li NbO 3 :Fe, Ù 3 3 3 ; Ù 3 2 2 , and Ù a

2 3 2 . The self-oscil lati on has been
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obta ined wi th extra ordi nary pum p wa ves and grati ng vecto r K k OZ ( Ù3 3 3 ), wi th
ordi nary pum p wa ves and grati ng vecto r K k OZ ( Ù3 2 2 ) and wi th ordi nary pum p
wa ves and grati ng vecto r K k OY (Ù 2 3 2 ). The polarizati on of osci llati on wa ve was
extra ordi nary , ordi nary, and extra ordi nary for these three cases, respecti vel y. It
wa s not possible to achi eve the ordi nary self-oscil lati on wi th extra ordi nary pum p
because of unf avourabl e di recti on of intensi ty coupl ing between two crysta l eigen-
m odes [19] sim i larl y to the bul k hom ogeneously poled iron-doped l i thi um niobate.

Fig. 6. Far- Ùeld pattern recorded w ith C C D camera (insert) and far Ùeld intensity

distribu tion of the oscill atio n wave. PPLN sample K 243, ‘ = 1 mm, the length of

semilin ear cavity is 5 cm, the cavity axis makes angle to the pump propagation.

Fi rst of al l , we check the angular diverg ence of a new generated oscil lati on
beam . Fi gure 6 shows the parti cul ar result for the thi rd from three conÙgura ti ons
m enti oned above (ordi nary pum p wa ve, extra ordi nary oscillati on wa ve). The far
Ùeld intensi ty distri buti on is recorded wi th the CCD cam era (Fi g. 6a) and the
m easurements in horisonta l pl ane (Fi g. 6b) are presented. One can see tha t the
HW HM di vergence is about one m rad. It is sti l l larger tha n the di ˜ra cti on l imi t for
1.2 mm beam waist of a laser emi tti ng at Ñ = 0 : 4 8 8 ñ m but i t is roughly two orders
of m agnitude smal ler tha n previ ously publ ished data for hom ogeneously poled bul k
Li NbO 3 :Fe[18]. W i th such a qual i ty of output wa ve front thi s semi l inear coherent
oscil lato r can be used for com pensati on of intra cavi ty phase distorti ons.

Fi gure 7 represents typi cal dyna mics of onset of coherent oscil lati on. A vi rg in
crysta l (wi th al l previ ously recorded grati ngs erased by crysta l heati ng to 2 0 0 C
duri ng 1 hour) is i l lum inated by the pum p wa ves starti ng from t = 0 : By ti l ti ng
the l inear polari zati on of the pum p wa ve to the angle ' i t is possible to reduce the
e˜ecti ve coupl ing strength of the sam ple as Û‘ = ( Û‘ ) cos2 ' . Di ˜erent curves
in Fi g. 7 corresp ond to di ˜erent coupl ing strengths contro l led in such a way.

D uri ng relati vel y long ti m e the l ight intensi ty scattered into di recti on of
future oscil lati on wa ve (i .e., along the cavi ty axi s) rem ains relati vely small unti l
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Fig. 7. Temp oral variation of oscill ati on intensity for extraordinary pump and extraor-

dinary oscillati on w ave (a) and for ordinary pump and ordinary oscillati on w ave (b).

T he numb ers near the curves indicate how strongly the coupling strength is reduced

compared to its ultimate value w hen the linear polariz ation of the pump w ave is ro-

tated. PPLN sample K 241, ‘ = 4 mm. T he length of the semili near cavity is 10 cm, the

cavity axis makes angle 13
£ to pump propagation .

the nonl inear growth of intensi ty occurs. The smal ler is the coupl ing strength the
longer becom es the delay ti me whi ch is necessary to achi eve the self-oscil lati on.
Thi s phenomenon is kno wn for coherent oscil lato rs of vari ous typ es (see, e.g., [20])
as also f or usual lasers (see, e.g., [21]), i t has a close analogy wi th cri ti cal slowi ng
down for the second-order phase tra nsiti ons.

Fi gure 8 shows the coupl ing streng th dependences of satura ted oscil lati on
intensi ty (a) and oscil lati on swi tch- on ti me (b) for two Ùrst oscil lato r geom etri es
(extra ordi nary pum p | extra ordi nary oscil lati on wa ve and ordi nary pum p | or-
di nary oscil lati on wa ve). In both cases the thresho ld coupl ing streng th can be
determ ined easily whi ch is importa nt for evaluati on of photo vo lta ic constant, de-
scribed in the next section of thi s arti cl e.

6 . Ev al uat ion of p hot o v olt aic p ar am et er s fr om t he t hr eshold
con di t io ns of osci l l at io n

From the dependences shown in Fi g. 8 one can imagine how large is the
ul ti m ate coupl ing streng th ensured by the sampl e as com pared to the thresho ld
coupl ing strength tha t is necessary to switch on the oscil lati on. To get thi s rati o
we do not need to know the exact v alues, the norm al ized values l ike presented in
Fi g. 8 are su£ cient. One can see tha t for extra ordi nary pum p wa ve the ul ti m ate
Û‘ i s 4 ti m es larger tha n the thresho ld value Û‘ t h . In f act, for opti m ized pum p
rati o (usi ng the experim enta l geom etry shown in Fi g. 5b) we were abl e to reach
the self-oscil lati on even for coupl ing streng th ten ti m es smal ler tha n the ul ti m ate
value ensured by 4 m m thi ck crysta l. If now we can evaluate the thresho ld coupl ing
streng th we wi l l obta in also the ul ti mate coupl ing strength for our sam ple whi ch
wi l l al low for evaluati on of photo vol ta ic consta nt.
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Fig. 8. Measured couplin g strength dep endence of oscill atio n intensity (a) and oscill a-

tion switch- on time (b). Filled dots corresp ond to extraordinary pump and extraordina ry

oscill atio n w aves while open squares corresp ond to ordinary pump and ordinary oscil-

lation wave. PPLN sample K 241, ‘ = 4 mm. T he dashed lines are show n to guide the

eye.

The am pl itude condi ti on of oscil lati on imposestha t the intensi ty of oscil la-
ti on wa ve should be the sam e after one round tri p of the cavi ty , i .e.,

R Â R pc = 1; (6)

where R i s the (i ntensi ty) reÛectivi ty of the ordi nary m irro r, whi le R p c is the
(i ntensi ty) phase conjugate reÛectivi ty of the nonl inear crysta l . W eneglect, for the
sake of sim pl ici ty, al l other cavi ty losses, l ike Fresnel reÛections from the crysta l ,
crysta l absorpti on, etc. Our estim ate theref ore wi l l give onl y the lower l imi t for
the thresho ld coupl ing streng th.

The lowest calculated value of the thresho ld coupl ing streng th can be found
from sim ple theo ry of backwa rd- wave four- wa ve mixi ng [15]. For purel y local non-
l inear response (whi ch is well justi Ùed for photo vo l ta ic charge redi stri buti on be-
cause of Ù3 3 3 com ponent of the current) and equal intensi ti es of the pum p wa ves
to opti mize phase conj ugate reÛectivi ty we get

R p c = ta nh2

˚
Û‘

2

Ç

: (7)

From Eq. (6) we get theref ore for R = 1 the thresho ld coupl ing streng th equal to

Û‘ th = ¤ = 2: (8)

Thus we kno w tha t our 4 m m thi ck PPLN sampl e ensures at least Û‘ = 5 ¤ for
intera cti on of extra ordi nary wa ves wi th Ù 3 3 3 inv olved.

T aki ng into account the deÙniti on of the coupl ing strength for photo vol ta ic
photo ref racti ve crysta ls [4]

Û‘ =
¤ r e˜ n 3

Ñ
E pv ; (9)

we can estim ate now the e˜ecti ve photo vo l taic Ùeld. W ith r 3 3 3 ¤ 3 0 pm / V and
n ¤ 2 : 2 (we neglect bi ref ringence for sim pl ici t y) one can get
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E p v ¤ 40 kV =cm : (10)

Thi s value seems to be not surpri sing for i ron doped l i thi um ni obate. It shoul d be
underl ined however tha t i t is obta ined f or the crysta l wi th large am ount of other
dopant, yttri um wi th the density ¤ 0 : 7 4wt. % tha t is much hi gher tha n the density
of photo refracti ve im puri ty, ¤ 0 : 0 0 6 À 0.06wt. %. In such a way our study shows
tha t, fortuna tel y, even relati vely large am ount of yttri um cannot ful ly suppress
photo vol ta ic and photo refracti ve e˜ects in i ron doped Li NbO 3 . No te tha t E p v

given by Eq. (10) is obvi ously underesti mated because the losses of the cavi ty
were not ta ken into account in ful l extent.

7 . St ab i lizat i on of u l t i m at e grat i ng e£ ci ency
wi t h t h e act i ve f eed b ack

The data presented in previ ous secti on show tha t inherent coupl ing strength
for 4 m m thi ck PPLN sam ple may reach and overpa ss5 ¤ . Thi s value is much higher
tha n tha t whi ch is necessary to get 100% di ˜ra cti on e£ ciency when recordi ng a
vo lume phase grati ng by two l ight beam s wi th equal intensi ti es (Û‘ = ¤ ). Even the
1 mm thi ck sampl epro vi des the overal l phase modul atio n whi ch is larger tha n tha t
necessary to get 100% grati ng e£ ciency. The use of two beam s of unequal intensi -
ti es reduces the di ˜ra cti on e£ ciency im mediatel y because of intensi ty dependent
nonl inear phase modul ati on and subsequent bent of the grati ng fringes [22].

T o overcom e thi s di£ cul ti es we use the acti ve feedback grati ng recordi ng
pro posed and impl emented for the Ùrst ti me in [23{ 25]. The input phase of one of
two recordi ng beam s is contro l led by an electroni c feedback system shown in Fi g. 9
tha t incl udes a lock- in am pl iÙer. A specia l signal generato r pro duces a very small
(wi th the am pl i tude ê § ¤ ) and very fast (a t frequency ! ƒ 1 =§d i ; § di being the
di electri c relaxati on ti me) periodi c phase modulati on, Â ' s / sin ! t of the input
recordi ng beam . Such a m odul ati on does not a˜ect the bui ldup of the grati ng and
serves onl y for contro l ling the feedback loop. Because of the coupl ing thro ugh the
recorded grati ng both tra nsmi tted beams possess, in addi ti on to a constant part,
also weak components oscillati ng as sin ! t and cos 2 ! t . Using the am pl i tude I 2 ! as
an error signal in the electro nic feedback loop and keepi ng positi ve the am pl i tude
I ! , one can ensure the desirable acti ve feedback.

Sending the interested reader for deta i ls to the ori gina l publ icati ons [23{ 26]
we wi l l l imi t ourselves here only by quali ta ti ve descripti on of feedback operati on.
Accordi ng to the theo ry the am pl i tudes of the I ! and I 2 ! signals are given by the
expressions

I ! = 2 j R 0 S 0 j ê sin '
p

² (1 À ² ) ; (11)

I 2 ! = 0 : 5 j R 0 S 0 j ê 2 cos '
p

² (1 À ² ) ; (12)

where R 0 and S 0 are the am pl i tudes of the input recordi ng beam s,ê i s an am pl i tude
of the ini ti al (hi gh frequency) phase modul ati on, ' i s the phase di ˜erence between
the tra nsmi tted and di ˜ra cted com ponents pro pagati ng in the same di recti on and
² i s the di ˜ra cti on e£ ciency.
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Fig. 9. Schematic representation of the feedback assisted grating recording. M are the

mirrors, P D are the photo detectors, B S is the b eam splitter, P C is a computer. T he

angle betw een recording waves is 12
£ .

It is obvi ous from Eq. (12) tha t I 2 ! wi ll becom e identi cal ly zero either for
¢ = ¤ =2 or for ² = 1 or for tri vi al situa ti on wi th no grati ng at al l , ² = 0 ,
independentl y of wha t are the values of other factors in thi s equati on. Thus one
can expect tha t acti ve feedback wi ll dri ve who le recordi ng system to the smal lest
I 2 ! , i .e., to the largest possibl e ² .

A theoreti cal analysis of the acti ve stabi lizati on perf orm ed recentl y in [26]
described the detai ls of behavi our of acti ve feedback system when grati ng e£ ciency
reaches already 100% value. It has been shown tha t due to the inerti a of the
feedback loop the di ˜erent, nearl y periodi c phase m odul atio ns are intro duced to
the recordi ng beam , whi ch keeps the grati ng very close to i ts 100% e£ ciency (wi th
devi ati ons much less tha n 1%).

It shoul d be mentio ned tha t in addi ti on to 100% di ˜ra cti on e£ ciency the
acti ve feedback ensures the reversa l of intensi ty rati o at the crysta l output, i .e.,
pro vi des an e£ cient beam coupl ing for the input beam s wi th unequa l intensi ti es.

Fi gure 10 shows the tempora l dyna m ics of acti ve feedback operati on. The
tem pora l vari atio n of the output beam intensi ti es is shown in Fi g. 10a. One can
see tha t the intensi ty rati o in satura ti on becomes nearl y inv erse wi th respect to
the ini ti al one 2:1. Both beam s are parti al ly depleted in satura ti on due to the
l ight induced scatteri ng. The vol ta ge generated by the feedback loop and appl ied
to piezodri ve to change the phase of one of the input wa ves is shown in Fi g. 10b.
And Ùnal ly, Fi g. 10c shows the dyna mics of the Ùrst harm onic signal I ! . (W e
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Fig. 10. Temp oral variation of the output intensities of the recording beams (a), of

the voltage driving piezomirror in the recording beam (b), and of the I ! mo dulatio n

amplitud e. N ote the dramatic change in dynamics for t = 400 s, w hen the di˜ractio n

e£ciency reaches 100% value. PPLN sample K 241, ‘ = 4 mm.

choose I ! to be measured exp erimenta l ly because i t is much larger tha n I 2 ! but
has the sim i lar dependence on the di ˜ra cti on e£ ciency.)

One can see tha t appro xi matel y at t ¤ 4 0 0 s the am pl i tude of I ! drops to the
noise level and at the sam e ti me the feedback contro l led m irro r starts to intro duce
rather strong nearly regul ar phase variatio ns in the recordi ng wave. From vi sual
inspecti on we see the app earance of the black spot in the tra nsmi tted readout
beam when the other recordi ng beam is tem porari ly stopped. Thi s conÙrms tha t
the di ˜ra cti on e£ ciency is close to i ts ul ti mate 100% value and to ta l intensi ty of
the readout beam is di ˜ra cted in the di recti on of the second recordi ng beam.

By using Eq. (11) we reconstruct from the data of Fi g. 10c the tempora l
dyna mics of the grati ng e£ ciency, whi ch is shown in Fi g. 11. Fi gure 11b shows
the deta i led behavi our of ² near satura ted value, i t is clear tha t devi ati on f rom
100% e£ ciency is real ly smal ler tha n 1 0 À 3 . It should be underl ined tha t the data
of Fi g. 11 are not m easured but calculated, the real di ˜ra cti on e£ ciency is smal ler
tha n 100% because of the Fresnel lossesfrom the sampl e face reÛections, because
of crysta l absorpti on, and because of ini ti al and l ight induced scatteri ng. W hat
the acti ve feedback pro vi des us wi th is the stabi l izati on of the largest possible
di ˜ra cti on e£ ciency tha t corresponds roughly to the Ùrst m axi mum of the kno wn
Ko gelni k equati on describi ng di ˜ra cti on e£ ciency of the sym metri c vo lum e phase
grati ng [27].
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Fig. 11. Temp oral variation of the di˜raction e£ciency calculated from the data of

Fig. 10c. Full range variation of ² are show n in (a) w hile (b) represents the detailed

b ehavio ur of ² in saturation.

One of the issuesof the acti ve feedback recordi ng consists in \ unb ending" of
the grati ng otherwi se ti l ted when the recordi ng waves have unequal intensi ti es.T o
check thi s e˜ect di rectl y we m easure and com pare the angul ar selecti vi ty curves
for grati ng recordi ng in the sam e sam ple wi th feedback on and o˜ provi ding the
ini ti al intensi ty rati o is equal to 1:10. The resul ts are shown in Fi g. 12. The nor-
m al ized di ˜ra cti on e£ ciency is plotted as a functi on of angular devi ati on of the
readout beam from i ts positi on duri ng recordi ng. T o measure these dependences
the intensi ty of the readout beam was del iberatel y reduced in order to prevent
from grati ng erasure duri ng the m easurem ents.

Fig. 12. Schematic representation of the grating structure with no feedback (a) corre-

spondin g to dashed angular selectivity curve in (c) and w ith feedback assisted record-

ing (b) corresp ondi ng to solid angular selectivity curve in (c).

It is obvi ous tha t for recordi ng wi th no feedback the largest e£ ciency corre-
sponds to a certa in incl inati on of the readout beam from i ts ini ti al positi on, i .e.,
the recorded grati ng appear to be ti l ted. For the feedback assisted recordi ng, how-
ever, we get nearly sym m etri c angular selectivi ty curve wi th the maxi mum exactl y
at the recordi ng beam positi on.
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8. P ar am etr ic p hot or ef ract iv e scat t er i ng

The Ùrst observati on and experim ental study of parametri c photo refracti ve
scatteri ng in periodical ly poled Li NbO 3 :Y: Fe crysta ls has been reported in [6]. The
detecti on of pronounced param etri c pro cesses is a di rect pro of of the e£ ciency
of thi s engineered nonl inear m ateri al . Furtherm ore, the presence of the periodic
dom ain structure leads to a new set of phase-m atched parametri c pro cessesand
al lows for the observati on of many new scatteri ng pro cesses in bul k PPLN: Y: Fe.
D evelopm ent of these new typ es of scatteri ng is possible not only for identi cal ly
but also for ortho gonal ly polari zed pum p beam s.

The pra cti cal interest to parametri c m ixi ng of co-propagati ng waves is re-
lated to very high gain tha t can be achi eved (gain factor as large as hundreds
reci procal centim eters) as in tra di ti onal (kno wn for bul k hom ogeneously poled
crysta ls) as also in new (i nvolvi ng dom ain latti ce vecto r and theref ore typi cal onl y
of PPLN) nonl inear mixi ng pro cesses.

9. Co n cl usion s

The doped peri odically poled l i thi um ni obate (PPLN: Y: Fe) possessesnearl y
the sam e photo refracti ve sensiti vi ty f or grati ng recordi ng, as tha t of the bul k
hom ogeneously poled crysta l . It al lows for e£ cient grati ng recordi ng both wi th
identi cal ly polari zed l ight wa vesor wi th ortho gonally polari zed crysta l eigenwaves.

Co -doped PPLN: Y: Fe exhi bi ts pronounced bul k photo vol ta ic e˜ect, stro ng
enough to ensure high photo refracti ve sensiti vi ty for grati ng recordi ng. Thi s m eans
tha t even large am ount of yttri um in the sam ples does not reduce dram ati cal ly
the photo refracti on related to i ron pho toref racti ve centres.

Hi ghly e£ cient frequency degenerate wa ve mixi ng is possibl e wi th
PPLN: Y: Fe, in classical backward- wavegeom etry (pha seconjugati on, vari ous pho-
to refracti ve oscil lato rs) as well as in forwa rd-wave geometry (param etri c am pl iÙ-
cati on of co-pro pagati ng coherent seed).

The presence of a dom ain latti ce gives rise to a large num ber of new phase-
-matched param etri c pro cesses tha t ensure rather high param etri c gain.
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