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The theoreticall y predicted self-organized para metric down conversion

(the ampli Ùcati on of fundamental radiation on account of the energy of sec-
ond- harmonic radiatio n) in dop ed optical Ùbers w as exp erimentally demon-
strated for the Ùrst time and a w eak permanent second- order susceptibil ity
grating in the conditi oned Ùber was identiÙed .

PAC S numb ers: 42.65.K y , 42.81.Qb

Sincet he discovery of self-organi zed frequency doubl ing in germ anium { phos-
phorous-doped opti cal Ùbers by �Osterb erg and Ma rgul is [1] many ingenious exp er-
im ents were perf orm ed and bri l l iant theo reti cal m odels were pro posed (f or revi ew,
see R efs. [2{ 6]), however, the phenomenon rem ains a puzzle hi therto .

The Ùrst puzzl ing questi on was how the ini ti al second-harm onic (SH) radia-
ti on can be generated in a centro sym metri c opti cal Ùber by the funda menta l pum p
alone, wi tho ut any externa l SH seed. Mo st physi ci sts have believed tha t the ini -
ti al self-seeded second-harm onic generati on (SH G) occurs due to the quadrup ole
intera cti ons [7]. However, other models have been suggested as well . A SHG f rom
quantum noise owi ng to the Ùfth- order nonl ineari ty has been considered to ex-
pl ain the ini ti al ri se of self-seeded SHG [8]. Ano ther model consideri ng an exoti c
four- wa ve mixing wi th the Sto keswa ve at zero frequency and the anti -Stokes wa ve
at 2 ! wa s outl ined as wel l [2]. Ho wever, none of these m odels has been deÙniti vel y
accepted and the questi on of ini ti al self-seeded SHG rem ains sti l l open.

The essential questi on is whi ch m echanism can break the sym metri c structure
of the Ùber or Ùber preform being condi ti oned to SHG , and how the pro per spati al ly
periodi c second-order susceptibi l ity (â ( 2 ) ) structure can be created tha t enables
an e£ cient quasi-phase-m atched SHG.

It has been ascertained tha t a stro ng spati al ly periodic permanent dc electri c
Ùeld being of the order of some kV / cm is created at the intera cti on of fundam ental
and SH radi ati on in the SHG -condi ti oned sampl es [9{ 11]. Thi s dc electri c Ùeld
depri ves the centro sym metri c structure of isotro pi c m edium [12, 13] and enables
an e£ cient quasi-phase-m atched SHG [14{ 16].
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The relevant questi on occurs wha t is the physi cal m echanism being responsi-
bl e for creati ng the relati vely stro ng dc electri c Ùeld in a doped-glass Ùber or bul k
sam ple being condi ti oned to SHG .

The Ùrst phenomenological m odel wa s outl ined by Sto len and Tom [17] who
pro posed tha t an interna l dc electri c Ùeld is produced owi ng to the non-degenerate
thi rd-order opti cal recti Ùcati on
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where E = e A exp [ i ( ! t À k z ) ] and E 2 = e 2 A 2 exp [ i (2 ! t À k 2 z )] are the
electri c intensi ti es of funda m enta l and SH l ight wa ves, Â k = k 2 À 2 k represents
the phase-mismatch factor, Â ' = ' 2 À 2 ' i s the relati ve phase shi ft between
the intera cti ng wa ves and â ( 3 ) re c t ( ! + ! À 2! ) i s the thi rd- order recti Ùcati on
susceptibi l i ty .

The form ati on of a system of elementa ry electri c dipoles was assumed and
the interna l dc electri c Ùeld created, E dc = À (¡ = " 0) P ( 3 )

dc ( ¡ being a dim ensionless
constant and " 0 i s the perm i tti vi t y of vacuum ), was believed to m odi fy the cen-
tro sym metri c structure of the isotro pic m edium so tha t the SHG can occur due to
the thi rd- order nonl inear polari zati on [13]
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In fact, the Stolen{ Tom m odel describes the self-organi zed SHG as a Ùfth-
-order nonl inear opti cal intera cti on tha t canno t pro vi de any e£ ci ent SHG in the
instanta neous medium response picture. Even when repl acing the recti Ùcati on sus-
cepti bi li ty â ( 3 ) re c t by a ti m e-dependent coe£ cient describi ng the m emory ẽ ect,
the m odel shows serious di£ culti es. Tho ugh the â (2 ) grati ng created possessesthe
ri ght spati al peri odicity for an e£ cient quasi-phase-m atched SHG [14{ 16] the SH
radi ati on pro duced is shif ted by ¤ =2 wi th respect to the SH seed [5], whi ch is
preci sely the wro ng value to al low a weak SH seeding l ight to grow in the course
of SHG preparati on process. In order to remove these di£ culti es the cum ulativ e
thi rd-order opti cal recti Ùcati on vi a a com plex response functi on, being dependent
up on the l ight intensi ti es of wri ti ng radi ati on, was proposed in Ref. [5].

The Stolen{ T om idea [17] gave rise to a group of ori enta ti onal models tha t
assume the form ati on of electri c-dipole-related asym metry or m icroscopi c charge
separati on. The frozen-in periodic dc electri c Ùeld is bel ieved to be pro duced by
local charge tra nsfer of an electron between two neighb ouri ng defect sites. The
m acroscopi c dc electri c-di pole polarizati on of the area encoded for SHG is then
the result of the vecto r sum of ori ented or induced m icrodipoles.

Ano ther m odel expl aini ng the â (2 ) grati ng form ati on by m acroscopi c charge
separati on due to the pho to vol ta ic e˜ect was proposed by Dianov et al . [22{ 24].
An ionizi ng interf erence of two pum p photo ns and one SH photo n is assumed to
cause the ejecti on of an electron f rom exi sti ng (pho to induced) defect centre in a
pref erred di recti on, whi ch is tra pped at the bounda ry of the i l lum inated area. The
m acroscopi c charge redi stri buti on induces then the spati al ly periodi c â (2 ) grati ng.
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A photo galvanic space-oscil lati ng coherent current j ph is considered, whi ch is a
nonl inear functi on of the appl ied radi ati on Ùeld [22{ 24],

j ph = ÙE 2
!

E Ê

2 !
+ c:c: = j Ù j j A ! j

2
j A 2 ! j cos(Â k z À Â ' + ê ) ; (3)

where j Ù j i s the e˜ecti ve value of the coherent- photo vo l taic tensor and ê represents
a phase constant shif t tha t should be determ ined by the m icro scopic m odel of
photo current, properti es of the m edium and param eters of radiati on [25].

As a response to the photo induced dc electri c Ùeld a conducti on current
j ph = ¥ E dc occurs tha t wo rks against the photo galvanic current. The conduc-
ti vi ty ¥ was ori ginal ly assumed to be dependent on pum p wa velength and the
concentra ti on of dopant defects only [25].

Using the thi rd Ma xwel l equati on and the conti nui ty equati on i t is easy
to deri ve the equati on for the ti m e evoluti on of second- order susceptibi l i ty grat-
ing [22, 23, 25]
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where " is a permi tti vi t y and ˜ = j Ù j â ( 3 ) de p =":

Exp erim ents were perform ed to decide the adequacy of either m odel pro-
posed and the macroscopic charge separati on was identi Ùed in som e bul k doped-
-glass sampl es being condi ti oned to SHG [25, 26].

Even when the photo vol ta ic m odel can expl ain many features of the be-
havi our of self-organized SHG [24] i t shows also serious di £ cul ti es.

In order to inv olve the freezing-in of the photo induced â (2 ) grati ng it is nec-
essary to assumetha t the conducti vi ty ¥ drops im mediatel y to zero after swi tchi ng
o˜ the radiati on Ùeld, whi ch seems to be rather unna tura l .

Mo reover, Eq. (4) predi cts tha t the satura ti on second-order susceptibi l i ty

â
( 2 )
sat depends on the instanta neous electri c intensi ti es of the satura ti on radi ati on

Ùeld onl y, meaning tha t the resulti ng satura ti on state does not reÛect the previ ous
hi story of the preparati on pro cess, whi ch is in stro ng disagreement wi th experi -
m enta l observati ons (see, e.g. exp eriments by Kro l et al . [27] and thei r di scussion
in [28]). On the contra ry , the process of photo induced self-organized â (2 ) grati ng
form ati on is very sensiti ve to the l ight intensi ti es of the funda m enta l and the SH
input radi ati on, and the satura ti on value â

( 2 )

sat i s the outco m e of the whole previ ous
intera cti on.

A di recti onal photo ionizati on m odel of self-organi zed SHG was elaborated
by Anderso n et al . [29] who considered tw o-, three- and four-pho ton ioni zing inter-
ference to derive a new f orm ula for steady- state dc electri c Ùeld in the picture of
ani sotro pi c exci ta ti on process. Unf ortuna tel y, thi s model is m ostly om i tted in the
relevant l i tera ture because the attem pts of La vandy et al . [30] to veri fy the deri ved
form ula for resulti ng dc electri c Ùeld, being created in the course of self-organi zed
SHG , fai led. In our opini on the fai l ing of La vandy ' s veri Ùcati on experim ent [30] is
a consequence of the fact tha t the self-organized form ati on of second-order suscep-
ti bi l i ty is a cum ulativ e process, but in Anderso n' s et al . picture [29] it is described
as a dyna m ical equi l ibri um of the charge redistri buti on owi ng to the anisotro pic
m ulti photo n ioni zati on interf erence (see, discussion in [31]).
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Tho ugh the Anderso n f orm ula for steady- state dc electri c Ùeld, being form ed
in the course of self-organized SHG , was found to be in strong di sagreem ent wi th
the experim ental observati ons [30, 32], the di recti onal pho toioni zati on m odel yi elds
good predi cti ons for the satura ti on. It predi cts for the satura ti on value of the rati o
I 2 ! = I 2

! ( I ! and I 2 ! being the l ight intensi ti es of fundam enta l and SH radi ati on,
respect ively) tha t

˚
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where " 0 i s the electri c perm i tti vi ty and ñ 0 | m agneti c perm eabi l it y of vacuum
in SI uni ts, n and n 2 are the refracti ve indexes of f undam enta l and SH wa ves,
e and m e are the elementa ry charge and m ass of the electro n, respectivel y, ñh i s
the reduced Pl anck constant, and ç i s a f actor rel ated to the ioni zed electron
m omentum whi ch is less but of the order uni ty .

In Anderso n' s et al . picture the SH radiati on i tsel f is a l imi ting factor tha t
restri cts the m aximum SH l ight intensi ty .

It is interesti ng to note tha t the satura ti on f orm ula sim i lar to Eq. (5) was
deri ved by another purel y phenomenological cumul ativ e local- response model [31]
as well .

A num ber of publ ished experi ments on self-organi zed SHG wi th the self-seed-
ing and the externa l SH seeding was evaluated in order to veri fy the predi cted
satura ti on of photo induced SHG by Eq. (5), and i t has been found tha t the exper-
im enta lly determ ined value of ( I 2 = I 2 ) sat ranges from about 0 : 2 1 0 1 6 m 2 / W to
2 1 0 1 6 m 2 / W [33]. The uncerta inty wi thi n one order is dominantl y caused by
the inaccuracy of the experim ental data reported.

It seems very pro babl y tha t the self -satura ti on of self-organized SHG is the
dom inant m echanism, behind m ovi ng the photo induced â (2 ) grati ng backwa rds
(to wards the input end of the Ùber) i f the prepa rati on pro cess runs su£ cientl y
long ti me, whi ch was observed by Lacerda et al . [34].

Co nsidering the satura ti on rati o to be ( I 2 = I 2 ) sat 10 16 m 2/ W and ta ki ng
the extrem e valuesof pum p intensi ti es used in real experim ents to be of the order of
1 0 1 4 W / m 2 we arri ve at the m axi mum e£ ciency of photo induced SHG predi cted,
( I output

2
= I )ma x 1 0 2 , whi ch is in a very good accord wi th real experim ents.

In concl usion, i t seems qui te evident tha t the self-satura ti on, origina l ly pre-
di cted by Anderso n et al . [29], represents the unavo idable attri bute of the pho-
to induced self-organi zed SHG and, consequentl y, the endeavours to reach higher
e£ ciencies of self-organized SHG wi th com monl y used intensi ti es of fundam ental
radi ati on are futi le.

As the satura ti on e˜ect wa s predi cted by the local response m odels [29, 31],
i t f ollows tha t the sam e satura ti on SH l ight intensi ty can be reached at any even
very short intera cti on length, i f the SHG -prepa rati on pro cess runs for a su£ cientl y
long ti m e, whi ch was also exp erimenta l ly dem onstra ted by La cerda et al . [34], who
observed tha t the â (2 ) grati ng, created by the self-seeding preparati on pro cess,
m oves slowl y back to wards the input end of the Ùber after reaching the satura ti on
regim e, whi lst the SHG e£ ciency rem ains consta nt.
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Ano ther importa nt feature of self-organized SHG is the phase behavi our
of generated SH l ight. The m utua l phase shi ft of the SH radi ati on generated at
the photo induced â (2 ) grati ng and the SH seeding (i nput) radiati on, Â ' 2 ! =

'
gen
2 !

À ' seed
2 ! , was measured by Ma rgul is et al . [35] for the Ùrst ti m e. Thi s m easure-

m ent yi elded the phase shi ft of about 9 0 £ , whi ch is preci sely the wro ng value to
al low a weak SH seeding l ight to be enhanced in the course of SHG prepa rati on
pro cess. Ho wever, the SH seeding intensi ty was relati vely strong and appro ached
the satura ti on value in thi s case. For som ewhat lower SH seeding intensi ti es other
values of Â ' 2 ! were reported as well [36{ 38].

In 1996 Lam belet and Feinberg [38] perf orm ed a uni que exp eriment in whi ch
they measured both the power and phase of SH output radiati on emerging f rom a
short germ anium -doped glass Ùber being condi ti oned to SHG in the who le course
of prepa rati on process. Using these exp erimenta l results, we have computed the
evoluti on of Â ' 2 ! ( t ) in one-hour preparati on ti me interv al [39]. Our com puta ti on
has shown tha t Â ' 2 ! ( t ) monoto nously increased from i ts ini ti al value Â ' 2 ! (0 ) ¤

7 0 £ and appro ached Â ' 2 sat ¤ 9 0 in the satura ti on state. The uncerta inty of
the determ inati on of Â ' 2 ( t ) wa s estim ated to be at about 10%.

Evi dentl y, the mutua l pha se shift Â ' 2 = ' gen
2 À ' seed

2 cannot be considered
constant but i t vari esin the course of SHG preparati on process.W ebelieve tha t the
ini ti al value of mutua l pha se shift of SH seed and SH radi ati on generated Â ' 2 (0 )

i s cruci ally dependent on the value of the rati o I seed
2

= I 2 , but i ts satura ti on value
always appro aches 9 0 .

T aki ng into account both the satura ti on and the phase behavi our of self-
-organized SHG , as well as the m emory e˜ect, we arri ved at the concl usion tha t i t
is im possible to describe these phenom ena i f using simpl e materi al consta nts as i t
is usually done in phenom enological electro magneti c theo ry of opti cal intera cti ons.

W e have proposed a new phenomenological model tha t describes the self-
-organized â (2 ) grati ng form ati on at the intera cti on of fundam enta l and SH wa ves
by m eans of â (2 ) encoding functi on as fol lows [40]

â (2 ) ( z ; t ) = À exp( iÂ k z )
0

F [I (z ; t À § ) ; I 2 (z ; t À § ) ; § ]

È A 2 ( z ; t À § ) A
2

( z ; t À § )d§ + c:c: ; (6)

where the â (2 ) encodi ng f uncti on F ( z ; t À § ) i s compl ex, i t is dependent on the
instanta neous l ight intensi ti esI and I 2 and it vari esin the course of SHG prepa-
rati on process, as well as along the Ùber; Â k = k 2 À 2 k is the phase-mismatch
facto r includi ng also the Kerr nonl ineari ti es.

In the appro xi mati on of nondepl eted pum p, A = const, the spati al evoluti on
of SH Ùeld am pl itude can be described by means of a sim ple Ùrst-order di ˜erenti al
equati on

@A 2 (z ; t )

@z
= À i

ñ 0

" 0

1 2
!

n 2

â (2 ) ( z ; t ) A 2 ( z ; t ) : (7)

The soluti on of Eqs. (6) and (7) to gether wi th the di scussion was publ ished
in [40].
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It has been shown tha t only the imaginary part of â (2 ) encodi ng functi on,
Im [F ( z ; t À § )] , contri butes e˜ecti vely to the self-organized â (2 ) grati ng form a-
ti on [40].

The m utua l phase shi ft of the SH radiati on generated and the SH seeding
radi ati on Â ' 2 ! i s related wi th the compl ex structure of â (2 ) encoding functi on
F ( z ; t À § ) as wel l .

For purel y positi ve imaginary F ( z ; t À § ) the generated SH radi ati on is in
the phase wi th the SH seed, Â ' 2 ! = 0 , and the process of â (2 ) grati ng form ati on
is m ost e˜ecti ve when using the self -seeded self -organized SHG , I seed

2 ! = 0 , or a
very weak SH seeding radi ati on, I seed

2 ! = I 2
! § 1 0 À 1 6 m2 / W .

In the academ ic case, i f F ( z ; t À § ) were purel y real , the generated SH
radi ati on woul d be shifted by 9 0 £ wi th respect to the SH seeding radiati on, Â ' 2 ! =

Ï 9 0 £ , and the e£ ciency of the prepa rati on pro cess shoul d be zero. Thi s situa ti on
really occurs in the satura ti on state, i f ( I 2 = I 2 )sa t ¤ 10 16 m 2/ W , but the absolute
value of F ( z ; t À § ) appro aches zero in thi s case [40].

For purel y negati ve im aginary F ( z ; t À § ) there is a m utua l pha se shi ft be-
tween the SH seeding radiati on and the SH radiati on generated Â ' 2 = 1 8 0

there, and the â (2 ) grati ng can be wri tten in the course of self-organized param et-
ri c down conversi on (PD C) pro cess. Thi s can happ en i f I seed

2
= I 2

¤ 1 0 1 6 m2 / W .
In any case there is a tendency of self-organized â (2 ) grati ng form atio n to

satura te, m eani ng tha t the â (2 ) encoding functi on F ( z ; t À § ) ro ta tes in the com plex
pl ane to wards the real axi s in the course of â (2 ) grati ng f orm atio n and, sim ulta ne-
ousl y, i ts absolute value decreases and appro aches zero in the satura ti on state [40].

In Anderso n' s et al . picture [29], i f using relati vel y intense SH seeding being
above the satura ti on value, I seed

2 = I 2 > ( I 2 = I 2 ) sat , an unstabl e state is created
and the intera cti on is expected to have a tendency to satura te. Thi s can happ en
due to the energy tra nsfer from the SH radiati on into the funda menta l radi ati on,
nam ely, the param etri c down conversi on. W e believe tha t an e£ cient PD C can
occur i f the SH seeding radiati on is relati vel y strong com pared wi th the satura ti on
value, I seed

2
¤ 1 0 1 6 I

(2 ) (i n SI uni ts). The e£ ciency is exp ected to reach the
value [ I output =( I input + I input

2
)] sat ¤ 1 in the opti mum case. Even when the vi sible

green/ bl ue l ight alone causes the erasure of the â (2 ) structure created [41], we are
of the opi nion tha t opti mum pum p and SH seeding l ight intensi ti es can be found
whi ch are able to wri te very e˜ecti vely stable â (2 ) grati ngs in doped glass using
PD C pro cesses.

It seems very l ikely tha t the â (2 ) grati ngs were al ready form ed owi ng to the
self-organized PD C in some experim ents reported [27, 42, 43], i f the SH seeding
radi ati on exceeded the satura ti on value (see, discussion in R ef. [33]).

The Ùrst aimed exp eriment on self-organized PD C was perform ed by
P. Chm ela and O. Sam ek in the Laborato ry of No nl inear Opti cs, Physi cs D e-
partm ent of Ponti Ùcia Uni versidade Cat Çol ica in R io de Janei ro.

The exp eriment wa s carri ed out wi th the Nd :YAG laser operated Q-swi tched
and mode-locked. The inf rared radiati on at 1 : 0 6 4 ñ m wa s frequency doubl ed and
both the inf rared radiati on and the SH green radiati on at 0 : 5 3 2 ñ m were launched
into a germ anium -doped 25-cm long standard tel ecomm uni catio n opti cal Ùber. The
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average output power of funda menta l inf rared radi ati on propagati ng in the Ùber at
the beginni ng of preparati on pro cess was measured to be P output

! ( 0) = 17:85 mW.
Unf ortuna tel y, our power meter wa s not cal ibra ted well f or SH radiati on so tha t
we had to recalcul ate the SH power propagati ng in the Ùber at the beginning of
prepa rati on process using the energy conservati on law to be P

output
2 !

( 0) ¤ 8:5 mW.
Ho wever, not even the intro duced power of funda m ental inf rared radi ati on is qui te
certa in as well .

The relati ve output powers of funda m ental and SH radiati ons measured in
5 minutes interv als are intro duced in the T able.

TA BLE

Relative output p owers of fundamental and SH output radiations in the
course of â ( 2 ) grating formation owing to the self-organized parametric dow n
conversion.

Preparati on ti m e [m in] P output
! ( t ) =P output

! ( 0) P
output
2 ! ( t )=P

output
2 ! ( 0)

0 1 1

5 1.05 0.84

10 1.1 0.78

15 1.1 0.8

20 1.1 0.73

25 1.14 0.7

30 1.14 0.69

35 1.15 0.68

40 1.15 0.68

It is qui te evident from the T able tha t the SH output power decreased
whi lst the funda menta l output power increased in the course of self-organi zed
second-order nonl inear opti cal intera cti on, whi ch clearl y demonstra tes tha t the
self-organized PD C to ok place in the condi ti oned Ùber. Consequentl y, the SH input
l ight intensi ty was above the satura ti on value in our exp erim ent. Unf ortuna tel y,
not al l parameters were kno wn to calculate the l ight intensi ti es of intera cti ng ra-
di ati ons in the Ùber.

The prepared Ùber was tested by launchi ng the inf rared radiati on of 18.7 m W
output power alone. The slight green radiati on was generated in the prepared Ùber
whi ch was about three orders weaker tha n we had expected. Ma yb e the rel ati vel y
e˜ecti ve PD C in the course of Ùber preparati on pro cess happ ened owi ng to the
instanta neous self -shaped â (2 ) grati ngs whi ch m ostl y disappeared after swi tchi ng
o˜ the funda menta l and SH radi ati on Ùelds and only a residual perm anent â (2 )

grati ng survi ved. Further experim ents m ust be perform ed to elucidate thi s prob-
lem.

Neverthel ess, the self-organi zed PD C wa s una mbiquously exp erim ental ly
dem onstra ted for the Ùrst ti me.
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W e are of the opi nion tha t a considerabl e increasing of the typi cal ra ti o
I 2 ! = I 2

! above the satura ti on value, ( I 2 ! = I 2
! ) seed

¤ 10À 16 m2 / W , wi l l provi de a
very e˜ecti ve self-organized PD C tha t could radically reverse the f urther develop-
m ent of the research on pho toinduced self -organized nonl inear opti cal phenom ena
in doped-glass wa vegui de structures . Ma ny potenti al appl icati ons are envi sioned,
especial ly for new ki nds of self-shaped ampl iÙers or frequency down converters.
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