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1\ hi~h.sL'nsilivily inIL'rfcrornclri( tllclhod to rneasure paramclcrs of \'olullIe ditlr:1L'tioll~ralings wrillcn in pholoscnsitive media is proposed.
The ¡,,('[hol! is f1ascd on Illcasuring Ihe transienl energy Iransfer :1I11l1llg phase-lllodulaled cohcn':llt heams Ihat results from their OWtlJiffrac.
!ion with tlYllalllic gratings in Ihe llledium. It is Iheorctil.:ally shown th:lt lhen.~is a simple m:llhemaliL.al <.kpendence hetween Ihe amplitudes
of Ihe OUlput hearns inlL'nsity modlllation and Ihe grating parameters. The lI11'lhodwas arplicJ to Illcasure lhe photoresponse 01'polymer tilm~
containing hacterit11'l1tldopsin.

Kl'."\\'ord\: PholmL'nsitive media; phase-modulated heams: measurelllent uf volulllc !!rating: amplilude

Se propone un método interferomélrit.:o de gran sensibilidad para medir paf<Ímctros de rejillas dc difracción volumétricas grabadas en un
medio fOlosensitivo. El méloJo esl:í hasado en la medición de la transferellcia de energía transitoria entre haces coherenles modulados
en fase. quc rC~\lIltallde la difracción con las rejillas dimímicas inmersas en el medio, Se demuestra teóricamente que existe una relación
m,ltem,itica ",encilla enlre las amplilUdes moduladas de los haces de salida y los paf<ÍlIlctrosde la rejilla. Este método fue aplicado para medir
la fotorrespuesta dc películas poliméricas que contenían haclcriorodopsina

/)l'Jcril'torn: ~1cdias fotosensilivas; haces modulados en f.1SC:mediciones de amplitud de rejillas de volumen

PACS: -t2.65,lIw: -t2.70.Nq: -t.2.79.-e

1. Intrndul'lion

The paramcters ur VOlllJl1Cholographic gratings writlcn in
photosensilivc mcdia are lIs11ally Jl1casurcd using a 10\\1-
intcnsity pmhing hcanL Besides its complexily, such proce-
dure does nol llave high aL'curacy sinec the diffractcd heam
al lhe grating OlllPUI is very small for low grating: amplilu-
des. The dilTracliol1 efliciency '1 for the rcfractive index and
alN)I"ptioll coeflicienl gratings is given hy [1, 2J

whcrc "1 amI ni arc Ihe <lmplilude \'ariation of Ihe rcfracli-
vc indL'\ and lhe ahsorption cocfficicnl respeclively, el is the
mcdiulll thickncss, R is Ihc Bragg unglc, A is Ihe wavclength
nI' ligill in vaL'lIUI11,and ii is lhe mean ahsorplion coeflicient.
Thesc formulae al1o\\' lhe L'alculation 01' Ihe grating amplitu.
dL'''' lIsing a lllL'ílsurcd dilfraL'tion cfficicncy ofthe lllcdilllll,

A largc lllllllhcr of novel pholosensitivc mcdia. li.
kc polymer tilms. containing dilTcrcnl typcs of hacterior-
hotlopsin (BR) l:l"II, tlye 151, azohenzene [G], charge-
transfL'r polYlllcrs \71. elL'. have lllany advanlagcs over
high-cflicicllcy pholorcfraclive crystals, HO\\!cvcr they ha-
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vc 1m\! photoresponsc tille lO small values 01' nld/A and
(\] d. which characlcril.c Ihe mcdia diffraction eflicicncy.
lhe dilfraction efliciency 01' such media is approxirna-
lely equal lo l'xp(-2n"/cosB) x ("nld/AacosB)2 or
('XJl(-'2lid/c()sO) x (n]d/2('os8)'2, depcnding on lhe gra.
ting Iype. For c\<llllple. in the case 01' apure rcfraclive gra.
ting. ir ", = 10-c,." = :l0/11ll antl ,\ = 1¡/1ll, Ihe tlirrrac-
tion cfliciL'ncy is arolllld 10-li, The Illeasurerncnt oflhis value
lIsing the prohing heam is very diflicult antl inaccurate. Anol-
he!" Illcthod lo Illcasure lhe mcdia photoresponse. especially
I'or lIlL'dia with wcak optical non-linearity, is herehy propa.
scd. This 1llL'lhod has ver)' high sensitivity hecause it is based
on inlcrfcromelric lllcasurclllenl'\. lhe main idea behind the
ITlcthod is in an analysis 01' a Iransicnt cnergy transfer arnong
phase-modulatctl cohercnt lighl heams that result frorn their
own t1ilfraction wilh dynamic gralings in lhe photosensitive
mcdia. Thc olllput hcam intcnsily rnodulation al lhe first and
secontl harmonic nI' the light hcarns mutual phase modulalion
allows Ihe 01' Ihe caku!ation varialions of the media refractive
inde\ ¡¡nd ahsorptioll cocHicicnt. lhe rncthod gives the possi-
hi1ily lO ll1easurc thesc paramctcrs independently ano in real
time. In addilion, the Illelhod makes il possihle lo invesligale
media \vith nonloc<l1 photorcsponse, i.c. whcn interference
p¡¡ltcrn ami dynalllic grating maxima are spalially mismat-
ched. Tlle lTlL'thod \Vas applicd to lhe experimental invesliga.
tion of \vcakly Ilonlinear polymer filrns containing BR.
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nol satisry lhe Bragg condition. The amplitlldc of the clectric
Iíel"s E+ 1 (=) an" E_I (=) can he wrillen as

(5)

whcre 1+1 (.:) and 1_1 (.:) are Ihe beam intensities, Y'+ I ami
rp_1 are the hcam phases. Inserting (5) into (4) results in
eqll:llions rOl"the inlensities and phases:

"1",(=). "'hl(=) _rosH---- + ,1".(=) 1 - -n/",(=) +ti.: ( .:
{- i1.-'" (: ) exp [i ('fl' + 1', )1 + (\ , (=) ('xp [i ('fl' + I',,)]}

(6)

FIGUI{E l. Gcomctry 01' two.\ •...avc mixing:. whel"t..' .,::= "'+1 - y-l. Equation (6) can he separateJ in [wo
equ:llions, Olle 1'01"Ihe real part and the olher for the imaginary
par!. Tlle real part gives an equation for hcam intensities:

FOI"lhe i'.eroth approximalion (abscnce of the grating)

+ o,(=)cos(1'o)]Io(=). (10)

(Xl

(9)

\vherc 1J:.IO is Ihe inpul be:ll11 intellsity. SlIlall increases in Ihe
¡¡gIH inlensitics /11 (z) are givell by lhe lIrst ordercorrection,
assuming a wcak graling,

where 10(:) is the lotal I¡ght intcnsily, /11 is the interfcrcnce
pal(crn contras!. For tl1l.:case ol' heams with sinusoidal phase
Illodulalion, the lIlutual pllase r.p 01' the Iighl heams is equal to
(/ sin! U, where ¡¡ is liJe amplitude 01"lhe phase modlllatioll,
amI!! is lhe angular frcqllency. This Illodlllation is neces-
sary to Illcasure the media photoresponse. It ShOllld be no-
ticl'd lhal in the genl'ralcasc Ihe inlensities Jil (z) Jepcnd
on tlll: phasc l11odulation frcqueney n. hO\\'c\'er at high rre-
qucncics (n » 1/ T, whcre T is the photoresponse rclaxalion
lime) this dcpendl'lH.:e is very slllall amI lIlay he ignorcJ. Ex-
panding :-;Íll(90,e. +(/:-;ill nt) and cos( Y'1l,e. + (l sin fU) in a se-
ries 01'Bessl'l fllllCliolls allll considering only lirsl anu second
harrnonic tenns 01' Ihe external phase Illodlllation frequeney,

Ir JlI and nI arc small, <Inapproximatc solution 01' El}. (7) is
ohtained by expam1ing ¡his in series in terms 01' a small pa-
ramelcr proportionalto (::1::/'-'11 Sill ~\ + o} COS~'(l)Z, whcrc
11\:.11 = ':..,'J + '?f.n:

2. Thcnretical description nf thc melhnd

. "E",(=) (' () (')"21('o~{j / = -6:E::r.1 z) - (Zklll :; exp I"PE
(Z

+ n, (=) exp(il'o))E",, (z). (4)

whcrc El and o 1 are the grating: amplitudes, E is lhe averaged
IIlcJium permiui\'ity, K = 2ii /.;\ , .\ is tlle grating pcriod,
:re. ami Yo are Ihe l1lismatchcs hctwcc.:n lhe interfcrencc pal-
(cm anJ Ihe gratings. In case ofweak optical non-Iincarily lhe
heams phases are approximately constant along lhe lllcdiulll
lhickncss. Suhstituting lhe sum nI"the eleclJ"Omagnelic wavcs
anJ Ihe grating ampliludes inlo lhe wave cqualion 121, and
then grouping the tenns with exponcntial factors, a Solulion
for the wave equalion may be ohtaincd:

\••..hcre 111= El /2/E is the grating's rcfractive index alllplitll-
de. Sccond order derivative terl1ls 01"Ihe elcctrolllagnctic \••..a-
ve amplitudes were neglected because the electrie licld al1l-
plilude changes vcry sIowly. Terl1ls wilh exponential ractOl"s
Iike exp (:f:3iksill (/.r) were also neglecled becallse lhey do

E(Z) = t+E,(Z)ros(I,'.,. +1',).

n(=)=ll+n,(=)ros(I,'.,.+l'o). (3)

Equations dcscrihing lhe corrclation hetwccn Olllput hc-
:1m inlcnsily lllodulatioll and holographic paramctcrs of
Ihe photoscnsilivc media witll \\'cak optical non-lincarit)'
wcrc ohtaincd using lhe Couplcd \Vavc Thcory [21. Le!
(WO !I-polaril.cd clcctromagnctic waves Ei:.1 (.1'.::)
E::tl (.:-) exp(:f:ik sin R.,. - ik ('os fh) go inlo lhe rhotorcfrac-
l¡ve IIlcdium (Fig. 1). E:t.t(z) are lhe wavc's amplitudes.
/" = 2rr /). is lhe wavc propagalion constant :Ind f} is lhe
Bragg anglc. Thc lllcdiulll input surbcc is al ::, = O, \vith
a IllcdiUIll thickncss 01' d. Thc intcrfcrcncc pattcrn ohlaincLl
fmm E:r.l rcsults in a grating ror the rcfraclive index and the
ahsorplion coeflkicnt
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equations ror lhe intcl1sity Illodulation amplitudc 01' the light
hcallls are ohtaincd.

11I~¡(o) _ !l
m,(/--- = -"/",¡(o) + ('fl,,¡.¡(o)msrp,"o

"'~'i(:)ms(/--- = -(,/~':(o) + ('f/;I/¡ (o) sill '1',
d:

+o¡(o)msrp,,).J,(,,)//{lo(o). (11)
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1/1 () = - ---------------
.j;;rosB.I¡(a) [1-ex!, (_ od )] ('()s '1',
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1,,\[Mi','(d) - M:? (d)]
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cosO

(1 [M:', (d) - M~, (d)J
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('os (J
rl/~,(") = -'-['fkl/¡ (O)cosrp, +o¡(O)Sillrp,,]

o

[ ( (''')]x .I¡(a) I-('xp ---" .
('os f1

Rclati\'c amplitudes 01' Ihe intcllsity llloJulatioll nI' lhe lllC-
diulll oUlput ncams al l!le flrst and scconJ hannonic of the
e\ternal phase modulal;on (M~¡ (") = I~, (")110(") ami
M~'i(") = 11'i(")II,,(")) have lhe ¡mm

\••..l1cl"l: .JI.:! are Bcsscl fUllctions 01' lhe f1rsl amI sc-
cond tmlcrs. Using (Y) <lllJ considcring that 1/1 (:::)

1/, (O)"Xp( -(' o1m, (/anJ O¡(o) = o¡ (O)('xp( -(' o1m, (/),
cxprcssiolls rOl' I~l (ti) ami J;i{l(d) are ohtaincd afler simple
tr:\IlS f( lrnlaliolls:

( 17)
(,[Mi?(") + M:? (d)]

[ (
"d )] .'2cOSfJ.J:!(II) I-l'xp - -- C()stpn
ros f}

=

For the experimental dClel"mination ofthesc parallleters it
is Ilecessary lo use Ihe optimal vallle 01' lhe phase 1110dulalion
<lmplilude. Ir the JIIedillm under study is not salurated. Ihe
~Illplilude 01' (he olllPlIt heams intensity modulation is pro-
portionallo .10«(1).1] ((1) al the llrst hannonic 01"the phase mo-
dulalioll, and lo '!o(a).h(a) al the seconJ one. The maxima
of thcse funclions are respectively re;:lcheJ at a = 1.1 rad ..
and at (J = 1.':> rad. In (his case Ihe inlerference patlern con-
trast ami. correspondingly, the grating amplitudes are decre-
ased hy .Jo(a). If Ihe tested medillm is lindel" ahsorption sa-
turation. it is necessary lo maintain the contrast of Ihe inter-
fcrence pattern hy applying (he phase 1Il0dlllalinn at smallcr
amplilUdc (a < O.;) rad.).

Theorelically Ihe maxillllllTl sensitivity of Ihe mcthod is
lillliled hy the lighl quantum noisc. Pertinent calculation
sho\\'s lha!' ir input laser po\\'er is 1 m\V. the mcdium thick-
llCSS is 100 pm. lhe ahsorption L'oeflicicnt is 10 mm-1 and
photodctcctOl' frequency hand is 100 Hz. the quantum Iimit
gives grating rcfraclivc index and absorption coenicient am-
plitudes mi nima around 10-H; and 10-11 cm-I respectively.
Practicall)' lhe Illetilod's sensilivity is limitcd hy Jaser and
photodelector noises ami mechanical perturhalions. Thus lhe
lllethOlJ's sensilivity ror refractive indcx variation is set at
1O~7.amito 10-'\ cm-I for ahsorption cocrticient variation.

( 12)

('0."\ (J
1\/~'i(") = --[:lckl/,(O) sin '1', + fl¡(O)roSrp"j

"

('O" f)
I'}¡(") = -_-['fkl/'(O)cosrp, + o¡ (O)';11 '1',,]
- o

( (''') ( "" )XJI/I,,(O).I¡(I/)(,xp --- 1-('xp--",
('os f) ('os u

('osH
I~¡(") = -_-[:lc/,-¡J¡(o) sin '1', +fl¡(O)COSrp,,]

"
( (''') ( ,," )X JI/I,,(O).I,(,,) "XI' --- I-('xp--".

('os (J ('os u

Finally. lIsing a difference ~mplilUdes ~l the lirsl and secnnd
harmonic separ;:lIely. results in equations for apilase mismal-
eh helwl'cn inlerference patlern and gratings. and the ampli-
tudcs uf the graling's rcfraclive index and ahsorplion coefli-
cient at Ihe input lllediulll plane.

[ ( "")]x .1,(,,) 1- (,xI' --- .
{'OS f}

Mi?(d) - rIf:'i(d) J¡ (11)
lallrp, = M~¡ (d) _ ~/~¡ (d) x -.1-'(-11-)'

M~¡ (d) + M~¡ (") .1,(11)
tall9n = ------- x--

M:'i(d) + Mi'i(d) .I¡ (a)'

( 1.1)

( 14)

( 15)

3. Experimental determination 01'the refructive
grating umplitude for a polymer film contai-
ning bacteriorhodopsin

Using the Illethod 01"{lhase modulated hcams. the photores-
ponse 01' polYI1lcr 1lI1llscontaining wild-Iypc hacteriorhodop-
sin ([HO was Illeasured [8). BR is a hiological phntoscnsitive
material having rcvcrsihle changcs of ahsorption and refrac-
tive index, \'.'hich arc ohservcd during the photocycle 0'- BR
Illolecules. This material \Vas emhedded in the polymer film
forllled 011 a glass plate surtan:. Thc sarnple had a thickness
of lOO IlIn. an ahsorption coeniciclll 01' 12 mm-1 and a pho-
loresponsc relaxation lime nf 1 s.

Rn'. Mex. Fú ~5 (2) (\999) 141l-1~5
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FlfiURE 2. Schcmatic tliagram of (he experimclltal arrangemcnt.
l-mirrors, 2-hcam-splitting plate, 3-mirror hondcd (o piClOclcctric
lllodlllator, 4-polymcr film containing hactcriorhodopsin.

Writing time, S

(a)

The experimental setup 01' lhe lwo-oeam interferometer
1Ililizing the phase-modulatcd heams method for lhe experi-
mcntal study 01' weak photorespol1se is showl1 in Fig. 2. To
record a pholorefractive grating in a lllediulll containing DR.
coherenl ¡¡ght from a He-Ne laser a( G33 nm was dividcd hy
;¡ scmitransparcnt piate inlO two beallls [+1 = [_1 = 10/2,
which were sent by mirrors 1 allll 3 lo a BR-conlaining poly-
lile!"film. 1\lirror 3 was atlached to an CleCll"Omagnetic1110-
dulalor, which was cOllnecled 10 a sinusoidal vollage gene-
ra1m operaling al n. This modulator produccd the lighl hc-
allls lIlulual phase modulalion Wilh a frequency hanu fmm 20
Hz up to 20 kHI., ano allowed (o I1lcasure the photoresponse
wilh charactcristic times Icss th:m 5 x 10-:~s. The use a high-
frequency electro-optic phase modulalor inSleau of an elec-
lromagnetic olle allows lhe measurcment 01' very fas( photo-
responses (up to lO-lOs). The frcquency hand of lhe selcclive
arnplifier needs to be at leasl twice as wide as lhe reciprocal
characterislic time ol' the registered process. To ticcrcasc lhe
laser noisc inlluencc. a two-channcl Jifferential pholOdclec-
1m and ;;¡ sclcctive amplifier were used. The pholodetector
out pUl vollages al the first and second harmonie 01' lhe phase
Illodulation gives lhe possibility lo ealculate the graling am-
plitudcs.
Figure 3 a shows a lypical oscilloscope trace 01' lhe se-

It:clive amplifier OUlput signal for the laser inlcnsity lo =
'2 Ill\V/mm2 at the first harmonic 01' lhe phase Illodulalion fre-
t)uency. It is known lhat BR has pme local photorcsponse ano
lhcrefore this signal descrihes ol1ly the graling refractive in-
dcx <lmpliludc. The calculalcd temporal dcpcndcncc 01' Ihe
grating amplilude during rccording is shown in Fig. 3 h. SlIch
hehavior in the grating rccording is explained hy the ahsorp-
tion saturation 01' SR molecules [D], which leads to spatial
proflle curving 01' the graling and as a result lo grating fun-
U<llllcntalspatial hnrmonic dccrcase. Thc maximum and the
stcady-state graling amplitudes orthe BR s:unple is S x 10-5
<}11(14X 10-5 respeclively. These values are comparahle wilh
Ihe rcfractivc index varialion ol' high-efficiency pholorcfrac-

~ 0.8
~o
~ 0.6
"'O.E
c.. 0.4E
'"0Jl.= 0.2';:j~
O

0.0
O 1 2

Writing time. s

(b)

FtCiURE J. OlllPllt phntodclcClor signal (a) and grating rcfraclivc
indcx <lmplitlldc (h) corrcspond 10 slart 01' the grating: form,llion in
polymer lilllll'ontaining hat'ICriorhouopsin.

tivc crystals. Thus thc \Vcak aptical non-lincarity of thc poly-
mer films conlaining BR is due lo its small thickness and high
ahsorplion eocfflciclll.

4. Measuremenl nI' Ihe Iransienl energy lrans-
fer amI Ihe phase mismalch helween Ihe in-
lerference pal1ern alt(llhe grating during Ihe
wriling process

The proposed IIlcthod 01" phase Illodulated oeams permils lo
Illeasure \veak cffeelS occurring during lhe grating formal ion.
One 01' lhem is a lransient cnergy transfer antl a transienl pha-
se mismalch hctwcen the interferencc pattcrn and lhe refraeli-
ve grating during its fonnation in the photoscnsilive meJium
caused hy uncqual inlensities of lhc writing heams. This ef-
reel is observcd as a cOllsequenec 01' an energy cxehange rc-

Re". M",. rú. 45 (2) (1999) t4(f-t45
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FI(J U]{E ot. Thc()reticnl temporal dependencc ofthe transil'nt energ:y
tran~fl'r (curve 1) anu thc phase mismatch (curve 2) during the re.
fr,l(,:tivc gr.:ning formation in thc photorefractive medium. with we.
a~ local rc~pon"c under unequal intcnsilics of the writing heams.

sulting fmm a phasc transfer hCl\\'cen writing heams. rcsul-
ting in the grating tilt. It is \\"onh noting that this effect is oh-
sL'r\"L~din ren:rsihlc photosensitive media \vith local response
[10]. Theorelically ¡he transient energy transfer is ohserved i1'
tl1L'...•ccond onJcr correction to the heams intensilies is takcn
into account IEq. (8)]. The mcthod pcrmils to evaluate this
cllect even ir lhe media pholoresponse is very wcak.

Silllultaneous solution 01' a non linear systel1l for the per-
rniui\'ity ami the \\"a\'e cqualions under uncqual inlensities o"
\\Titing hC':lIlls. shows thal lhe temporal dcpcndence of lhe
IransiL'llt ellerg)' lransfer and Ihe phasc mismatch hetween re-
fractive grating and the inlerference paltern in media with we.
al rhOloresronsc. is rrorortional lo exp( -t/T) {l- t/[T(I -
"Xp(-t/T)]} "nti lo exp(-t/T){(t/T) - [1 - exp(-t/T)]}
n:spcclivcly [lUl. Plots oflhesc funclions are dcpicted in Fig .
.¡. 1I is easy lO see Ihat during Ihe graling formation lhe pha-
~c mismatch ami the lransicnt cnergy lransfer ¡ncrcases with
grating amplitudc growth, t!len rcaches a maxim and decrc-
asL'S towards zero. It corrcsponds to a lihing of the grating
lo a stcady-state POSilioll defineo hy the writing heams ra-
tio. E\'er)' time lhe transient phasc mismatch is changeJ "ram
tcro al thc input lllediulll surface planco it changcs to a maxi-
11111111at lhe output planc [lO].

Thc phasc modulatioll ol' (he writing heams givcs lhe pos-
sihilit)' lo I11casurc the transicnl cnergy lransfer during gra-
ting fonnation, and 10 ohtain the phase mismatch octwecn
lhe intcrfercncc pattern and lhe grating. Pcrtinent calculations
sho\\' Ihat the output oca m inlcnsity modulation amplitude al
the sccond harmonic under compcnsulion of the ahsorption
grilting signal is proportionalto the lmusicn! energy transfcr.
and (,:an hc llscd ror necessary rneasurcments. Propcr use of
the JitTcrenlial photodetcctor and the sclcclive amplifier allo-
\\"ed lhe study 01"a slTIall incremenl lo Ihe constanl level of
lhe oUlput hcams intcnsitics. This incremenl givcs additional
information for e\'aluation of lhe amplitude 01' the transient
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FIGURE 5. Amplitudes 01" the output dcteclor sign<ll al first (cur.
ve 1) and second (curvc 2) harmonic (a) and ph<lsC mis match (b).

energy transfer ami the phase mismalch. Figure 5 shows the
amplituJc (JI" the seleclive amplilicr output signal corrcspon-
Jing lo Ihe lIrst anJ sceond harmonic of the output bcams in-
tensitics I1lodulation. and the averaged phase mismalch cal-
culated using Eq. (14). Thcsc measuremenls were ohtained
in absence 01' absorption saluration (tolal \vriting heams in-
tensity was 0.1 m\V/mm2). Such experimental condilion was
nccessary 10 achieve the output signal maximum and to dc-
creasc the effecls rclatC'd lo saturalion. The amplitudc of the
phasc modulation \Vas chosen around 1.5 rad. The measurcd
maximum of the transicnt energy transfcr was 0.159'0 of lhe
outpul heam intensily. This corresponds lo the averaged pha-
se mismalch maxilllum 01"3.8 degrees. It should be noticed
that the output detcclor signal at the seeond harmonic had
highcr noise levels than for lhe f1rsl one. This crfeet is explai-
ned hy the high sensitivily of the interferometer lo acoustic
perturhations at the second harmonic of the heams mUlual
phase mOlJulation.
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5. Conclusions

In summary. <t high-sensitive intcrfcromctcr mcthod \Vas pTe-
scntcd for lhe photorcsponsc mcasuremcnt of photoscnsiti\'c
media. The Illcthod is characlcrized hy lhe simplicity of its
experimental rcalization as compared \Vilh lhe use 01' a pro-
hing bcmn. It also shows highcr accuracy due lO lhe ¡n{erre-
romctric mcasurcmcnl and sclcctive amplification 01' Ihe data
signals. and has lhe possibility of detcrmining lhe .lIlglc mis-
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