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Persistent hole burning in multiple-scattering optical media
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We analyzed the shape and width of room-temperature persistent holes in photoreactive and multiple-
scattering media in frequency and wave-vector domains. The shape and width of holes depend on sample
thickness, transport mean free path, geometrical configuration, and absorption lengths. The measurements of
the angular dependence of hole burning in a disordereq §88, ;5 doped glass sample were in quantitative
agreement with theory.
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Photochemical and nonphotochemical persistent holealculated the shape and width of the persistent hole on the
burning is popular in organic molecules embedded in low-basis of the intensity correlation of fluctuations in multiple-
temperature glassy materials When a monochromatic la- scattering media. We also present a hole burning experiment
ser is irradiated in an inhomogeneously broadened impuritjn CdS, g:S&, 15 doped disordered glads*8in order to com-
vibronic absorption band, a narrow hole with a spectralpare theory with experiment.
width of the order of the homogeneous linewidth is pro- The production mechanism of the hole is explained as
duced. The hole production is based on a site selective phdellows. First, a recording beam with the incident frequency
tobleaching process, and the mechanism is usually explained; and wave vectok; is injected onto a multiple-scattering
on the basis of a two-level system structure of the glassynedium. The injected light propagates through the medium,
material, which consists of asymmetric intermolecularproducing a random interference pattern, i.e., a volume
double well potentiaf. The persistent hole lasts without pro- speckle. This pattern is recorded in the medium through a
file change as long as the material is kept at the low temperghotobleaching process. After the pattern is recorded, the lu-
ture, and has attracted interest for its application to highminescence intensity from the sample excited by a reading
density optical data storage® beam ofw, andk, is monitored as a function dhw=w,

Recently, a similar hole burning, but based on a totally— w,; andAk=k,—k;. Consider that the frequency and wave
different mechanism, has been reported in photoreactive maeector of the recording and reading beams coincide, the spa-
terials combined with multiple scatterifigin a multiple- tial fluctuation patterns produced by the two beams also co-
scattering medium, propagation modes exist in angular freincide with respect to each other. The reading beam, then,
guency domain with the mode spacing oOAw excites only the photobleached portion of the medium, the
=272c3/L3w?, whereL is the dimension of the sample and luminescence intensity being reduced. We will observe a dip
c is the velocity of light, while each propagation mode has ain the luminescence intensity as a functionfddé and Ak.
spectral width of the order of inverse of photon lifetime, The process is, therefore, described on the basis of the inten-
dw~2m(DIL?) =27 (cl*/3L%)=2m7;{,, where D is the sity correlation of fluctuations inside the medium. The shape
diffusion constant ant¥ is the transport mean free paftt’®  of the observed hole (Aw,Ak), may be represented as,
Consider a disordered medium of 1 mm thickness with the
transport mean free path of 1am, the spectral width could
be Sw~6.3 GHz. We see a correspondence &b in
multiple-scattering medium to the homogenous linewidth in ) ] ) )
the inhomogeneously broadened band in impurity molecule¥here C(Aw,Ak,r) is the cumulant intensity correlation
in glassy materiat>**It has also been pointed out that there function between fluctuations produced by the recording and
is analogy between fluorescence line narrowing measuréeading beams atinside the mediumT(r,rg) is the diffu-
ment and correlation measurements of fluctuations in disorsive intensity propagator of the luminescence light froto
dered media. Since each propagation mode has its own corftgoing pointry, and 7 is the efficiency of the hole pro-
plex spatial mode pattern, if one could photobleach such guction. The intensity correlation functio@(Aw,Ak,r) is
spatial pattern in the medium, persistent hole could bdepresented as,
burned in the frequency domain at room temperature.

This is reminiscent of the use of Lippman holograms,  C(Aw,AK,r)=(dl(wy,Ky,r)dl(wz,Kz,r))
which are the basis of an optical data storage method using _ *
the interference of incident beartfsin the Lippman holo- = (Ewy,ky,NE (01,ky, 1)
gram, optical data are stored in the three-dimensional inter- ><E(wz,kz,r)E*(wz.kz,r))—U)Z, 2)
ference pattern of standing wave, whereas in multiple-
scattering medium, data are stored in the three-dimensionathere the angular bracké} represents an ensemble average
random interference speckle pattétrA single volume me- over disordered configurationsgl (w,k,r)=1—{I) and
dium can, therefore, store a great many coexisting data at ori&(w,k,r) are the local intensity fluctuation and the electric
time when the recording angle is changed. In this paper, wéeld atr produced by the incident beam of frequeneyand

H(Aw,Ak)=nffdrdrdC(Aw,Ak,r)T(r,rd), (1)
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wave vectork. Each local electric field in Eq(2) is ex- o , , , ,
pressed as a sum of fields propagated along all possible tra- P(R-S)Zf J ds'dr'Go(r—r’,s—s")s(s")o(R")
jectories in the medium,

X > {8(z —[2n(L+1.4%)+s,])

C(Aw,Ak,l’)=<2 2 E 2 all trajectories —5(z’+[2n(L+1.4I*)+so+l.4l*])}, (5)

X W exfl —i{o1(t=s1/€) +kiRy}] where s, is the source pointr’?=R’?+2z'2 and Gy(r,s)

XWE exi{wy(t—S,/¢) —KiRy}] fexq—cr2/4Ds] is the Green function in an infinite me-
dium. Using Eqs(3) and (5), we obtain,

XW3 exq_i{wz(t_53lc)+k2R3}]

C(Aw,Ak,2)

><W§exp[i{wz(t—s4/c)—k2R4}]>—(I)Z, cosh2y(L+0.71* —z))—co925(L+0.1* —z))
3) T Cosh2y(L+ 1.4%))—cod28(L+ 1.4%))

where P;=|W;|? is the probability that the intensity propa- ©
gates along a trajectory R; is the vector parallel to the \herey+ i = AKZ+ (1/7,+ 1A w)/D .22 1321-2The propa-
incident surface that represents the entrance point of trajegatorT(z,z,) is also calculated on the basis of the diffusion
tory i, ands; is the length of the trajectoriy The intensity  approximation as,

correlation in the disordered medium can be expanded with a

dimensionless conductange=1*N/L, and higher order cor- : * : N
relations, the long and infinite range correlations, are alsot(z 7 )= sinh((z,+0.7%)/L4)sinh((L +0.7 —22)/La|)’
developed®23In this article, we only consider the leading (1/L ) sinh((L+1.4%)/L,)
order correlation and ignore the higher order correlations (7)

since they areg”! and g~2 order of magnitude smaller.
There are two types of terms in the summation of & for
which the ensemble average does not vanish. We also replace
the sum of trajectories with an integration of the distribution
function of the trajectoriesy|W|?>— [fdRdsRR,s). Eq.

(1) is written as,
f J dRds

H(Aw,AK) = nf J drdrg

2
XP(R,s)exd —i{Aws/c+AKR}]| T(r,rqg). 1.0 L L L L L L
-200 -150 -100 =50 0 50 100 150 200
(4) Aoy,
Let us consider a slab sample with a thicknesk ahd an 0.0 - - - - - - -
incident beam larger thah and calculate the shape and
width of the hole. For simplicity, we assume that the absorp- 0.2

tion length for the recording and reading beams are the same
since the frequency difference between two beams is gener- —, 0.4
ally small compared with the absorption band of the photo- &

reactive material, whereas the absorption length for the lu- < 0.6
minescence light is different owing to the large Stokes shift. —~
The diffusive absorption lengths are denoteg= \1*1,/3 0.8 b)
and L, = I*I,/3, wherel, andl,, are absorption lengths

without scattering for the recording and reading beams and

life

1.0 1 1 1 1
-200 -150 -100 -50 O 50 100 150 200

for the luminescence light, respectively. The distribution AGT.
function of the trajectories are calculated on the basis of the lfe
diffusion approximation. We take tfeaxis to be perpendicu- FIG. 1. Calculated curves for the hole as a functiomaf e

lar to the incoming surface and the slab sample to occupy thgr (a) transmission, angb) reflection geometried. , is, (1) 0.2,
space @<z<L. The absorbing walls are set at —0.71* (2) 0.4, (3) 0.6, and (4) 1.4L. Ly== and|*=0.033.. All
andz=L+0.7* 24?5 The distribution function is curves are normalized.
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FIG. 2. The width of the hole as a function bf,. The dotted FIG. 4. Calculated curves foH(AkL). 1* is (1) 0.0, (2)

and solid lines are for the transmission and reflection geometried-03 and(3) 0.06. The dotted and solid lines are for the trans-

respectively. The thick and thin lines are fét(Awr;.) and mission and reflection ge_ometries, respectively=« and L,
H(AKL). L, =% and|*=0.03.. =00, All curves are normalized.

wherez, =z, z,=z4=L—1* for the transmission geometry Mean path differencA¢ is relative_ly small andC(Aw) and
andz,=z4=1*, z,=2z for the reflection geometry, respec- C(AK) are broad. We- also exarmngd the dependencg o_f the
tively. The shape of the hole for the transmission and reflechole onl*. The result is shown in Fig. 4. In the transmission
tion geometry are calculated on the basis of Ejs.(6), and ~ geometry, the hole is almost independentl bfas long as

(7). Figure 1 shows calculated curves for the hole shape as'd <L , while in the reflection geometry, the width becomes
function of Aw, ie., H(Aw,0), for different absorption Narrow with increasind™. In the reflection geometry, the
lengths of the recording and reading beatng, A similar ~ Main contribution to the hole arises from trajectories existing
calculation was also performed &k domain. The full-width ~ in the smallzregion, and* is relevant toA¢.

at half-maximum(FWHM) of the hole are plotted in Fig. 2 We performed a hole. burning experiment in a disordered
as a function ot_,. The width of the hole becomes broad in €dSS& -,-doped glass imk domain and compared the re-
all four cases shown in Figs. 1 and 2 with increasing theSults with the theoretical calculations. G&® ,-doped
absorption. WhenL,<L, absorption terminates long 9lasses are silicate glasses in which (3 _, microcrys-
trajectories?®? This effect broadens the intensity correlation tallites of several tens to a hundred angstrom are
functionsC(A w) andC(AK), and also the width of the holes €mbedded®™® They have attracted much interest for their
in accordance with Eq(1). In Fig. 3, we examined the de- Unique properties based on the quantum confinement and
pendence of the hole width on the absorption length for thdarge surface effects of microcrystallites. When a laser beam
luminescencel_,. The parameter used are=0.033 and IS !rradlated on these glasses,_the Iummesce.nce intensity is
L,=0.6L. The hole width becomes broad in the reflectionfatigued whereas the absorption spectrum is kept almost
geometry, whereas the width becomes narrow in the tranddtact-" " This is referred to as photodarkening effect. The
mission geometry when the absorption is increased. In thE'€chanism has been discussed in terms of the surface trap-
transmission geometry, the absorptiog terminates the lu- P9 state. We use this effe_ct as the photoreactlve process to
minescence light coming from the smaltegion, where the Fécord the volume speckle in the medium.

H.(AkL),H(AKL)

1.0 1 1 1 1

0 5 10 15 20

FIG. 5. Experimental results of the normalized hole as a func-

FIG. 3. The width of the hole as a function bf,. The dotted tion of AkL in disordered CdgssSe sdoped glasses. Open and
and solid lines are for the transmission and reflection geometriesolid circles are for the transmission and reflection geometries, re-
respectively. The thick and thin lines are fét(Awri;e) and  spectively. The dotted and solid lines are theoretically calculated
H(AKL), respectivelyL ,=0.6L andl* =0.033.. curves for the transmission and reflection geometries, respectively.
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The incident light source was the second harmonics obn a stage and rotated by a stepping motor to change the
semiconductor laser pumped Ndyttrium aluminum garnet angle between the incident beam and the sample. The lumi-
(YAG) laser. The wavelength was 532 nm. The sample wasiescence intensity as a function®kL is shown in Fig. 5. It
CdS) gs5@ 15(x=0.85)-doped glass. The glass was graineds seen that the intensity shows a dip arodrid_~0 and the
into powder of micrometer size. This powder was compactegersistent hole is formed in the sample. The typical depth of
into a slab geometry with a thickness of 1.0 mm between twqnhe hole was 6%. The dotted and solid lines show theoreti-
optical glass plates and used as the muItiple-scatteringa"y calculated curves on the basis of Et). The param-

sample. The absorption length at 532 nm Was7.0 mm,  qters used are,=0.28, L, =%, andl* =0.031. We see a

whereas at the luminescence wavelength of 605 nm the aby antitative agreement with experiment and theory. We did

SOI’p'[(IjOf: was alcrjntostbnegllglblfe . The ';ra;nls;t)ort mean free patHot take the effect of the internal reflection at the interfaces
was determined to be 3fm from a total transmission ex- f the sample into accouft.Assuming the volume fraction

Eﬁg{nfhn;'I;ngg:;%ewgsemz dci)gtlg dogﬁ lﬁzesrabrﬁag ;’;?Ssgsset f the sample to be 0.74, the effective refractive index of the
! P isordered Cdse , glass may be estimated to be 1.38,

record the volume speckle pattern through the photodarken-".""" .
ing effect. Then the beam was attenuated in intensity an hich is smaller than that of the glass plates sporting the

used as the reading beam to excite the luminescence Tﬁ@mple, 1.52. The internal reflection at the interface is esti-
luminescence was collected both in the transmission and rénated to be 0.019 and may not be important in our case.
flection geometries and led into a monochromater and de- N conclusion, we analyzed the persistent holes in
tected by a photomultiplier tube. The typical laser power wagnultiple-scattering media on the basis of the intensity corre-
400 mW for the recording beam and 2 mW for the readingation of fluctuations. The measurements of the angular de-
beam. Note that no speckle fluctuation outside the mediur@endence of hole burning in disordered @558, ;s-doped
was recorded in the present experiment. The sample was sgass sample were in quantitative agreement with theory.
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