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We investigated the time development of persistent hole burning in photoreactive and multiple-scattering
media. In this hole burning, a writing laser beam recodes the volume speckle pattern inside the medium
through the photoreactive process, and then the luminescence intensity excited by a reading beam is measured
as a function of the frequency or wave vector difference between the writing and reading beams. The time
development reflects the statistics of the intensity fluctuations in the speckle inside the medium. One of the
striking results is that the maximum hole depth~i€.26. We distinguish three types of samples according to
the geometric configurations and the photoreactive processes and discuss the hole shape, hole width, and the
depth during time development. Hole burning experiments were also performed using a spiropyran derivative
photochromic dye. The experimental results showed good agreement with the theory.
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I. INTRODUCTION burning, first, a strong writing beam with incident frequency
. oy and wave vectorky,, is injected into the multiple-
When a coherent light wave propagates through as.(\:/\:glttering medium. This. beamJ produces a random i?]terfer-
multiple-scattering medium, large fluctuations appear as @nce pattern, i.e., a speckle pattern inside the medium. This
result of random interference of scattered waye2]. In  gheckle pattern is recorded inside the medium through the
optics, this phenomenon is known as speckle. Speckle a’}ﬁuotoreactive process. After the pattern is recorded, the lu-
COI’re|ati0n ef'fectS haVe been Utilized in a Wlde range Of funminescence intensity from the Samp|e excited by a reading
damental and application measurements. It has been SuBeam ofwg and kg is measured as a function dfw=w,y
gested that measurements of the transmission fluctuationsy, or Ak=ky,—kr. When the frequency and the wave vec-
provide a decisive test for photon localization in disorderedtor of the writing and the reading beams are the same, the
media even in the presence of absorptidh) and the local- spatial fluctuation patterns produced by the two beams also
ization of microwaves has been investigated in a quasi-onezoincide with respect to each other. The reading beam then
dimensional samplg4]. It is theoretically predicted that excites only the photobleached parts of the medium, and the
speckle is sensitive to the scattering potential in a nonlinealiminescence intensity is reduced. We observe a hole in the
medium[5]. Speckle has also been observed in the near fielthminescence intensity as a function &ty or Ak [8-10.
region[6]. In all the traditional speckle correlation measure-Although the basic mechanism is totally different from the
ments, a single laser beam is used. That is, the laser beamtf@ditional persistent hole burning in a low temperature
irradiated onto the scattering medium and a reference speck@assy material11], hole burning in multiple-scattering me-

pattern is recorded once outside the sample. Then the sign%ia could also have great potential for multiwavelength op-
lical data storage.

speckle is measured after the experimental condition hal | X ivzed the hole burni ff
been slightly shifted and the mutual correlation between the N @ Previous paper, we analyzed the hole burning effect
n the basis of the intensity correlation between the writing

two patterns is numerically calculated on a computer. On th(éQmd reading beams inside the medium and examined the de-

other hand, if one utilizes nonlinear optical effects, one can ndence of the hole shape and width on the sample thick-

examine S_Pec"'? fluctuations inside the medium. The secorﬁgss, transport mean free path, geometric configuration, and
ha_rmomc intensity generated_by tV.VO angulgr correlate_d eXC':';lbsorption effectd9]. One of the striking differences be-
tation laser beams was examined in a multiple-scattering Mg een the second harmonic correlation measurement and the
dium consisting of LINb@ microparticles[7]. It has been pgle purning effect may be that in the hole burning experi-
experimentally demonstrated that the second harmonic intefnents the saturation effect or a higher order effect of the

sity shows a correlation peak as a function of the angle bespeckle appears very easily. A well developed speckle has
tween the two beams. This observation can be understood ggatistical fluctuations in the intensity that obey a single ex-

the effect of constructive interference between two speckigonential distribution, i.e., expl/(l)), where(l) is the av-
patterns generated inside the medium. erage intensity. The photoreaction proceeds slowly at local

Another method to examine the speckle correlation insidglaces inside the medium where the speckle intensity is
the medium may be hole burning in photoreactive andveak. On the other hand, saturation occurs very easily at
multiple-scattering media. The first observation of such perplaces where the local intensity is strong, since the develop-
sistent hole burning in collective scatterers may go back tanent of the photoreaction is relevant to the total photon
Ref. [8]. Although the experiment in Ref8] was motivated number injected. The time development, therefore, reflects
to utilize the whispering gallery modes of spheres, the resultthe statistically fluctuating intensity of the speckle inside the
might have some characteristics relevant to speckles. In holmedium.
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In the present paper, we investigate the time development
of hole burning in a photoreactive and multiple-scattering H(Rd):Kf<Nf(r)|R local ) T(r,Ry)dr, (5)
medium. One of the striking results is that there exists a
maximum hole depth 0f~0.26. The hole depth may be a
crucial parameter when one considers real applications of
hole burning in optical devices. We consider three types ofvhere the angular bracke¢s represent the ensemble aver-
photoreactive and multiple-scattering media and examine thage for the random configuration of the scatterggsyca(r)
hole shape, hole width, and depth during time developmenis the local intensity of the reading bearfir,Ry) is the
First, we theoretically examine the time development. Thempropagator for the luminescence light framnside the me-
we also present hole burning experiments using a spiropyratiium to the detection poirfRy, andK is a constant to repre-
derivative photochromic dye as the photoreactive material irsent the detection efficiency. Substituting E#).into Eq.(5),

order to confirm the theory. we obtain
Il. LOCAL CORRELATION, INTENSITY AND H(Ry = Kf (No ext— &l 1ocafP)]IR 10calP))T(r,Ry)dr
PROPAGATOR
The electric fields at the incident surface of the medium - Kf N (1 —«l r) + 1 «l 12
are represented as < 0 W ocal) 2![ W tocaf )]

- %[KIW Ioca(r)]3 + o )IR |oca(r)>T(r,Rd)dr,
(6)

Ei(R) =E exd~i(wt-kR)], (1)

where the subscripgtis W andR for the writing and reading
beams, respectively, and is the transverse vector at the

. ; IR 2 . : o

T e e s ere = 7. Under the condion hal 1, tha

multiple scétterin ; ar?d g gears as the local électricgﬁel , the writing time is short, the expansion can be terminated
P 9, PP t first order. We obtain

E; 1ocal(r) inside the medium,

Ei Iocal(r) = f dRE Wg(raR)Ei(R)y (2 H(Rd) = KJ NOK<|W Ioca(r)IR Iocal(r»T(rde)dr- (7)

&=all
surface
where W,(r,R) is the probability amplitude that the field
propagates fronR to r along a trajectory, and the summa- This situation corresponds to the previous analysis of the
tion =, is taken over all possible trajectories. We considerole bumning in a photoreactive and multiple-scattering me-

that the photoreaction deve|ops proportiona”y to the |0caﬂium. In this situation, the hole is described on the basis of
intensity of the writing beam, the local intensity correlation of the writing and reading

beams. We have analyzed the dependence of the hole shape
and the hole width on sample thickness, transport mean free
dN¢(r) path, geometrical configuration, and absorption lengths in
? == 77a77p|W localT)N¢(r), (3) Ref. [9].
Now we take the higher-order terms into account. The
whereN(r) is the number of fresh luminescence centegs, —nth-order term in the writing beam intensity is
is the absorption cross section, is the efficiency of the
photoreaction, antly ca(r) is the local intensity of the writ-
:gge??[jar?m;tﬁ]oenngmber of fresh centers at a tinadter the (ICV IocaIIR Ioca> = <(EW IocaEW IocaDnER IocaIER Ioca>- (8)

Ni(t,1) = No eXH = 74 7plw 10cal )], (4)  In optical experiments in a slab geometry the contributions
of the long and infinite range correlations are negligild/2],
where N, is the total number of luminescence centers. Weand we assume that the fluctuations obey circular Gaussian
consider that the luminescence light is emitted only from thestatistics[13]. The nth-order moment can be divided into
fresh centers, while the photoreacted centers do not emisum of the products of the second-order moment. There are
The total luminescence intensity from the medium excited by(n—1)! combinations of the electric fields of the writing
the reading beam may be beam,

046606-2



TIME DEVELOPMENT OF A PERSISTENT HOLE.. PHYSICAL REVIEW E 70, 046606(2004)

{(Ew 106aEw 10ca) "ER 10caER 1oca) =(21*/3)(1+p)/(1-p) is the explanation distance apdhe
. | . internal reflection coefficient. When the internal reflection is
=(n=DXEw tocaFw toca’ ™ (ER locaFRr tocal negligible, the exportation distance@s=0.701*. The corre-

« _ * lation function is obtained as
+ (n - 1)(“ - 1)!<EW IocaEW Io<:a>n 2|<EW IocaIER Ioca>

X<ER IocaE\*N Ioca>| C(Z,Aw,Ak) I‘EZ (L C )] {25“_ C )]
- _ cosnZyL+C—-2)|—cCO +C-2
= (= DY jocalr tocart (0= 1)(N = D locq = lwglr, cosh2y(L + 2C)] - cog28(L + 2C)] '
X |<EW IocaETQ Ioca>|2' (9) (12)

It is noted that the electric field correlation between the writ-where g=y+id=\Ak*+(1/7,+iAw)/D, 7,=l./c, ¢ is the
ing and reading beams appears only at the second order eveslocity of light inside the medium, anb is the diffusion
in the higher-order correlation terms. Combining E&).with constant. The propagatdi(r,Ry) is also calculated on the

Eq. (9), we obtain basis of the diffusion approximation,
(Ng exd— «lw 1ocal) IR tocall))
) ( (Riocal) p T(zz) = J dRyT(r,Ra)
0 [1 + K<|W Iocal(r)>] [1 + K<|W Iocal(r)>]2 Sinl"[(Zl + C)/L|a]sinl"[(L +C- 22)/Lla]
= , (13
. ) 1/L, sinh (L +2C)/L 4] (13
><|<EW Iocal(r)ER Iocal(r)>| . (10) L.
wherez, =z, z,=z4=L-1* for the transmission geometry, and

z,=24=1*, z,=z for the reflection geometry. The local inten-

From Eqs.(1) and(2), we obtain sities of the writing and the reading beams are

C(r:vaAk) = |<EW Ioca(r)E:z Iocal(r)>|2

sinf (L +C-2)/L,]
= lwlr, J dR;, J dR, > 2 W (r,Re)[?
surface & &

o sinH (L + 2C)/L,]
Substituting Eqs(12)—(14) into Eqg.(5), we obtain the form

X|We,(r,Re)|%exd - i{Awlc(s,, —s;) factor for the time development of the hole in the photore-
active and multiple-scattering medium.
- AK(Rg, - R}, (11) P 9

li 1ocal(2) =1 (14)

wheres; is the length of the trajectory. Let us consider a
slab sample with a thickness &f We consider a situation
where the size of the incident laser beams is larger than  In the present paper, we distinguish three types of photo-
and calculate the time development of the hole. We assumeactive and multiple-scattering media, according to the geo-
that the absorption lengths for the writing and the readingnetric configurations and the photoreactive processes, and
beams are the same, since the frequency difference betwedscuss the hole shape, hole width, and depth.

the two beams is generally small compared with the absorp- The type | sample consists of a slab of a multiple-
tion band of the photoreactive material. The absorptionscattering medium on which a photoreactive film is coated.
length for the luminescence light could be different from thein this sample, the multiple-scattering medium is responsible
writing and reading beams owing to the large Stokes shift irfor the speckle formation, while the photoreactive film is
the photoluminescence process. The diffusive absorptioresponsible for the recording process of the speckle pattern at
lengths are denoted ds,=a™*=(1*1,/3)¥2 and L,=a, " the outgoing surface. The type | sample is the simplest sys-
=(1*1,./3)Y2, wherel, andl,, are the absorption lengths for tem to examine the time development of hole burning by a
the writing and reading beams and for the luminescencstatistically fluctuating speckle intensity. We may experimen-
light, respectively, antF is the transport mean free path. The tally confirm the validity of the theoretical treatment of Eq.
procedure to calculate the local correlation function is thg6) in a simple and clear manner in the type | sample. The
same as that used in the previous paj®&rIn order to cal- multiple scattering or the volume speckle is, however, not
culate the sum of trajectories in E@L1), we replace the essential in this sample, since the photoreactive film records
summation with an integration over the distribution functiononly the speckle on the outgoing surface. From the applica-
of the trajectories|W|?>— [dRd#(r,R,s), wheres is the  tion point of view, the type | sample may, however, be useful
trajectory length an® is the transverse vector parallel to the because we can obtain the narrow spectral and angular holes
incident surface. The distribution function of the trajectoriescompared with the type Il and Il samples discussed below.
is calculated on the basis of the diffusion approximation. The In the type | sample, the analysis is straightforward. In
z axis is taken to be perpendicular to the incident surfacethis case, we set=L in Egs.(12—(14), respectively. Using

and we set the absorbing wall 28-C andL+C, whereC Eq. (10), we obtain

IIl. TIME DEVELOPMENT OF THE HOLE
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(IR tocal L)) K cosh2yC) — cog25C) ) 19

Hke Al Ao) = N"( [+ xlw ooal )] L1+ <l meal )2 OSZAL + 20)] - cog2elL + 2C)]

The luminescence intensities at the hole cemidix,0,0 hole burning process in the type | sample as is seen in Eq.

and at the background level,(«,>,~) are obtained as (19).
Type Il and type Il samples are multiple-scattering media
No{IR 10calL)) in which photoreactive material is uniformly dispersed. The
H,(x,0,0 = (16)  type Il and type Il samples are distinguished according to

2!
[1+#{lw tocafL))] the difference in the photoreaction. In the type Il sample, we

consider a photoreaction in which the absorption spectrum as

and well as the absorption coefficient is unchanged, while the
No{IR 1ocaf L)) luminescence intensity decreases. Luminescence fatigue or

H,(k,%,00) = , (17 various kinds of photoinduced physical and chemical pro-

[1+ K{lw tocalL))] cesses may be classified into this category. In the previous

respectively. The time dependence is included through hole burning experiments, we used' microparticles'of
B : . CdSSe _-doped glasq9]. The photoluminescence of this
=77t The hole depth can be defined @Suefx)  glass shows fatigue under strong laser irradiation, while the
=H(x,%,%)=H(x,0,0). It is noted that the luminescence apsorption spectrum and the coefficient are constant during
intensities at the hole center and at the background levglg fatigue procesgl4]. On the other hand, in the type Il
decrease monotonically, whereas the hole depth initially i”sample, we consider a photoreaction in which the absorption
creases, then saturates, and decreases Wlgfica)™>1.  spectrum and the coefficient change under laser irradiation.
The maximum hole depth is-0.26. The physical origin of A photochromic dye, which is used in Sec. IV, is an example.
the shallow hole is explained as follows. The basic mechafypically, an absorption band in the visible region appears
nism of the hole burning is the recording process of theafter irradiation of ultraviolet(uv) light. This absorption
speckle pattern. A well developed speckle has statistical fluthand disappears under the irradiation of visible light. These
tuations in the intensity that obey a single exponential distriprocesses are usually stable and repeatable. With the type Il
bution, i.e., exp-1/(1)) [1]. At the initial stage of the hole and the type Ill samples, we can examine the time develop-
burning, the photoreaction proceeds at the local places whergent of the hole in multiple-scattering media. In contrast to
the speckle intensity is strong. With increasing writing time, the traditional speckle measurements, where the real speckle
the reaction proceeds successively at the local places whepatterns are observed outside the sample, we can obtain in-
the specked intensity is weak, while the saturation occurs gbrmation on the fluctuations and the correlations inside the
the places where the intensity is strong. The saturation effe¢hultiple-scattering medium using type 1l and type |l
destroys the recorded spatial pattern; therefore, further irrasamples.

diation of the writing beam contributes only to the back- In the type Il sample, the absorption is constant during the
ground level. From Eqg16) and(17), it is also seen that the photoreaction. Therefore, the optical trajectories of the writ-
ratio of the hole depth to the background level ising beam inside the medium, as well as the local speckle
Higep(x) /{1 —H,(k,%,)}=1/1 at theinitial stage of the hole pattern are unchanged, under the time development of the
burning. In contrast to the type Il and the type Ill sampleshole burning. Substituting Eq$10) and (12)—(14) into (5),
discussed below, the width of the hole is constant during theve obtain the normalized hole shape

f"d__sinl'[(L+C—z)a|a] sinf(L+C-2)a]
o sinH(L+2C)a,] | {sinH(L + 2C)a] + xly o SN (L + C - 2)a]}
sinf[(L + 2C)a] sinf(L +C-2)8]

)

for the reflection geometry. A similar equation can be obtained for the transmission geometry. The above equations are general
formulas, which can be used to calculate the dependencies of the time development on the sample thickness, transport mear
free path, and absorption for the excitation and for the luminescence light. In case the absorption g WwgakL andL

>|* we obtain the following equations by performing the integration aver

- Klwo {sinH (L + 2C)a] + kly o Sinl (L + C-2)a]}?| sinH(L +2C)B]

fL g sinj (L + C - 2)a]sinH(z+ C)ay,]
o sinf(L+2C)a]sinH (L + 2C) ay,]

ﬁﬁ(K,Ak,Aw) = , (18
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HI (k, Ak, Aw:Lg Liy — )
3 6
~{xlw P il [cost(2y) - cog26)]

cosr(ﬁ)l Chi x)+< 2y )(1+K|W)(Shl( )_Mﬂ
KlWo K|W0 "
_sin%ﬂ) { Shl(x)+< 2y )(1+K|W)(Chl( 0 - sinf(x))}
KlWO KIW0 X
_co<%){—0i(x)+(%)(1+K|WO)< s )_COS(X)H
- 5"‘(&) {— Si(x) + (ﬁ>(1 +ly, )(Ci(x) - Si”(x))}
K|W0 KIWO oy »

HR(x, AK, Aw:Ly, Ly — )

[(K|WO)2 + 20y, = 2(1 + sl )IN(L + rclyy )] =

X

(2ylkl WO)(1+KI Wo)

2)//:(IW0

+

(25/K|W0)(1+K|W0)
: (19

200y,

and

__3 2_ _ 3
= 2{K|WO}3[(KIW0) 2rly, +2 In(1 + «l Wo)] KIWO[COSKZ)/) = c0820)]

cos)’( 2y )lChl( ) + <ﬁ><— Shi(x) + COSKX))]

IWO KlWO X

— Sih?’(ﬂ) |:Shi(x) + (ﬁ)(_ Chi(x) + Sinr(X))l
KIW0 KIWO X

ol o 22 o=

. (25/KIWO)(1+K| Wo)
- Sin<ﬁ) [Si(x> : <ﬁ> (-~ cioo + S'”(X))}
Klw0 KlW0 X

X

(2ylkl WO)(1+KI Wo)

Zy/KIWD

+

, (20)

260y,

for the transmission and the reflection geometry, respecdevelopment process, since the absorption and therefore the
tively, where Si:fosin(x)/xdx Ci, Shi—fosinr(x)/xdx, and trajectories of the writing beam and the speckle pattern are
Chi are the sine, cosine, hyperbollc sine, and hyperbolic counchanged during the time development. Equatid® and

sine integrals, respectively, ah%{x)|a F(b)-F(a).InFig.1  (20) are complicated expressions. More simple and useful
we plotted the time development of the hole burning in theresults may be the intensity at the hole center and the back-
transmission and the reflection geometriesAk and Aw  ground level,

domains in the type Il sample. We see that with increasing
writing time the hole width becomes slightly narrower. This
narrowing is explained as follows. In the vicinity of the in-
cident surface of the samplen the smallz region), the av-
erage intensity of the writing beam is strong, which means (21)
that the photoreaction proceeds fast and the luminescence

~ 6
Hj\(x,0,0 = o )3[ 2uclyy, + (2 + Kl )IN(L + xcl )],
Wo

intensity contributing to the total hole shape from this region ~ 3

decreases rapidly. Since the correlation funci@a, Ak) is Hy\ (x,00,0) = W[(Klwo)2 + 2kl = 2(1 + k) In(1
broad in the smalk region, the width of the hole becomes g

slightly narrower during the time development. It is noted + KlWO)], (22)

that in the type Il sample the width of the local correlation
function C(z,Ak) at a fixedz is constant during the time for the transmission geometry, and
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Absorption[OD]

Luminescence Intensity
[Normalized]

400 500 600 700
Wavelength[nm]

(a)
FIG. 2. Absorption spectra of SP-1 in PMMA. Solid line is the

T T ! 1 initial colored state after uv irradiation. Dashed line is the colorless

state after Af laser irradiation. Inset shows the structural formula

of SP1.

are expected to change substantially, owing to the deforma-
tion and destruction of the speckle pattern due to the absorp-
tion change. The hole could strongly change in the refection
geometry compared with the transmission geometry. Analyti-
cal solution of the hole shape and width as well as the depth
may be complicated in the type Il sample. Numerical simu-
lations and further theoretical development are expected. It
should be noted that when the absorption in the sample is as
weak asL, =L, even the type Ill sample can be approxi-
mately treated as a type Il sample, since the speckle change
is small compared with the averaged local intensity.

Luminescence Intensity
[Normalized)

-400 -200 O 200 400
(b) A(J)‘l?I

ife
IV. EXPERIMENTS
FIG. 1. Calculated curves for the luminescence intensity as a ) . .
function of(a) AkL and(b) Awje, Whereri=L2/D, in the type Il We experimentally examined the time development of the

sample. Solid and dotted lines are for the transmission and thBole burning in photoreactive and multiple-scattering media
reflection geometries, respectively. From the top to the bottomin the Ak domain. We prepared three types of samples. In all

rlw,=0.1, 0.5, 2, 5, 50, 200, respectively. samples a spiropyran derivative dye,’,3 -dihydro-
. 3 KlW T T T T T T
Hﬁ(K,o,O):—3<K|W —2|n(1+K|W)+—°), L) o*%%0%, 1
(rlwy) 0 Okl +1 g vone
(23) ? 08 ® 0%0400 . .
- . 000
3 % 8 06 go DDDDDDDDDDDDD 4
-~ = ]
Hrlz(K!oo!w):—[(’dW)z_ZKIW +2 g g BSDD et
2kl )3 e o 2 E o4l & _
’ iz e
XIn(L + kly)], @) E ] ges* |
for the reflection geometry. These expressions will be used ir

the analysis of the experimental results in Sec. IV. 0.0 6(')0
In the type Il sample, the absorption spectrum or the

absorption coefficient changes during the photoreaction. In

this sample, since the trajectories of the writing beam change FIG. 3. Solid and open circles and open squares are lumines-

during the time development, the speckle pattern inside theence spectra of SP1 in PMMA after laser irradiation of 8 s, 30 s,

medium is no longer constant. The hole shape and hole widthnd 53 s, respectively.

620 640 660 680 700
Wavelength [nm]
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¥
Ar* Laser
Chopper
:=gu §
FI =h .y N
F2 S
+4 :
o Z
m Stage %
Spectrometer =
Computer Lock=in

FIG. 4. Schematic illustration of the experimental setup for the @
hole burning in the reflection geometry. M is the mirror, BS is the
beam splitter, L is the lens, F1 and F2 are the filters, and PM is the
photomultiplier tube.

1’,2’,3'- trimethyl-6-nitrospirg2H-1-benzopyran-2,2(2H) —
indole] (SP) was used as the photoreactive material. This g

Z

dye shows typical photochromium. Figure 2 shows the ab-F .

sorption spectra of SP1 dye in a polymethylmethacrylateg
(PMMA) film. The solid line corresponds to the colored state Z,
after uv light irradiation. In this state, the sample has ang
absorption band at 570 nm and appears deep purple in colo™
The dashed line in Fig. 2 is the colorless state after visible
light irradiation, in which the 570 nm absorption band disap-
pears. The luminescence spectra of SP1 in the PMMA film
excited by a 514.5 nm Arlaser are shown in Fig. 3. The

T ¥ T ¥ T 4 T ¥ T v (b)

Luminescence Intensity
[Normalized]

(b) Time[sec]

PHYSICAL REVIEW E 70, 046606(2004)

level from the results.
FIG. 5. Experimental results for the time development of the For the type | sample, we first prepared a multiple-
hole burning in the type | sampl¢a) Solid and open circles are scattering medium in a slab geometry, which consists of
luminescence intensities at the hole ceritftnk=0) and at the  TiO, microparticles suspended in a solid polystyrene host.
background leveH(Ak=), respectively, as a function of the writ- The average diameter of the TiOmicroparticles was
ing time. The dashed and solid lines are calculated curves on thé.25um and the volume fraction was 3.5%. A thin PMMA
basis of Eqs(16) and(17). (b) The solid circles are the hole depths. film with 7.6x102M of SP1 was spin coated on the
The inset in(a) is a schematic illustration of the type | sample. The multiple-scattering medium. The thickness of the multiple-

gray region represents the photochromic film.

046606-7

AkL

FIG. 6. The normalized holes as a functionAKL. (a) is for the
type | sample. Solid and dashed lines agg=5 s andT,,=240 s,
respectively.(b) is for the type Il sample. Solid and dashed lines
areT\y=30 s andT,=7500 s, respectively.

luminescence spectra show an emission band at 660 nm.
With increasing laser irradiation time, the luminescence in-
tensity decreases, which is accompanied by the disappear-
ance of the 570 nm absorption band by visible light irradia-
tion. The luminescence intensity at 660 nm as a function
of laser irradiation time can be fitted by a cuneetb
xexp(-t/c), wherea, b, andc are constants. This exponen-
tial dependence is reasonable if the time development of the
photochromic reaction is proportional only to the total pho-
ton number injected. The background level can be attributed
. , . ) ] to the luminescence due to the residual absorption of the
0 50 100 150 200 250 colorless state of SP1 in the PMMA film. In the hole burning
experiment described below, we subtracted this background

scattering medium and the PMMA film were 0.2 mm and
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FIG. 7. The normalized holes width,, as a function of the 0.0 _4'0 . _2'0 : o . 2'0 : 4'0
normalized writing time. Solid squares and open and solid circles (@) AKL

are type |, type Il, and type Il samples, respectively. The writing
time is normalized by the time required for the background level to
decrease to ¥ of the initial value for each sample. The dotted line
representd’y=const for the type | sample, the dashed line is the
calculation from Eq(18) for the type Il sample, and the solid line is
a guide for eyes for the type Il sample.

~5 um, respectively. The transport mean free path for the
514.5 nm light in the medium was determined to be.3t
from a total transmission experiment. For the type Il and
type Il samples, we prepared a SP1-doped thin PMMA film
and grained this film into micropowders. These powders
were compacted into 1 mm thickness between two glass
plates and used as the samples. The transport mean free path
was 81um in the type Il and the type Ill samples. In the
type Il sample, the dye concentration was 820 M,
which resulted in an absorption length IgE=2000um and
the diffusive absorption length,=232 um. In the type Il
sample, the dye concentration was 4.60°°M, the absorp-
tion length wasl,=16 um, and the diffusive absorption {b)
length wasL,=21 um. It is noted that in the above type Il
sample the diffusive absorption length is of the same order as g, g. (a) The luminescence intensity as a functiondtL in
the sample thickness ds,~L, whereas in the type lll the type Il sample in the reflection geometry. From the top to the
sampleL,<L. As we discussed in Sec. Ill, whep=L the  pottom, Ty,=0, 10, 20, 40, 80, 160, 320, 600, 1260 s, respectively.
type lll sample can well be dealt with as a type Il sample. (b) The luminescence intensity as a functionAKL in the type IlI

The setup for the hole burning experiments is schematisample in the reflection geometry. From the top to the botfBg,
cally illustrated in Fig. 4. We used an Alaser of 514.5 nm =0, 30, 330, 1350, 3900, 7500 s, respectively.
for the writing and the reading beams. The sample was set on
a stage and rotated by a stepping motor to change the inci- ) )
dent angle between the beam and the sample. Before the hdiéed by the reading beam was collected by a lens in both the
burning experiments, samples were exposed to uv light anfansmissionnot shown in Fig. 4and the reflection geom-

prepared in the initial colored state throughout the medium&li€S and led into a spectrometer. The luminescence was

The uv light was supplied from a 100 W halogen lamp indetected by a photomultiplier tube and measured as a func-

front of which a uv(<360 nm light pass filter was attached. tion of the angle of the rotational stage. The photochromic

. . . reaction from the colored to the colorless state and the re-
After the hole burning experiments the samples were in th‘?/erse process were stable and repeatable

cqlorless state and appe"’?re‘j .Wh'te or light pink in color. First, we examined the type | sample. Figure 5 shows the
First, the laser beam was irradiated on the sample to record . ) . ~ B
the volume speckle pattern through the photochromic proluminescence intensities at the hole certigiAk=0) and at
cess. Then the beam intensity was attenuated by a factor tfie background levet (Ak— =) as a function of the writing

~100 and used as the reading beam. The luminescence etime in the type | sample in the transmission geometry. The

Luminescence Intensity
[Normalized]
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FIG. 10. Experimental results for the time development of the
FIG. 9. Experimental results for the time development of thehole burning in the type Ill sample in the reflection geometay.
hole burning in the type Il sample in the reflection geometay.  Solid circles and open circles represéfitAk=0) and H(Ak=x),
Solid and open circles represd?l(Ak:O) and H(Ak=), respec- respectively. The solid and dashed lines are guides for the eyes. The
tively. The dashed and solid lines are calculated curves on the basi8set in(a) is a schematic illustration of the type Ill samp{b) The
of Egs.(24) and(23). (b) The solid circles represent the hole depth. solid circles represent the hole depth.
The inset in(a) shows a schematic illustration of the type Il sample.

i ~ ~ ~ type | sample. That is, in the early stage, the hole depth
hole depth was defined adgep=H (Ak—%)=H (Ak=0)  increased and then the depth saturated and decreased after an
and plotted in Fig. &). The typical laser powers were jradiation of T,,=100 s. A difference between the type |
60 mW for the writing beam and 6Q0W for the reading  and type Il samples is seen in the initial stage. In Fig. 7, we
beam. The dashed and solid lines in Figa)Jare calculated giso plotted the experimentally observed hole width in the
curves from Eqs(16) and(17). At the early stage of the hole type || sample by open circles. In the type Il sample, the hole
burning, where the writing time i$,y=<25 s, the hole depth  yigth became slightly narrower in the initial stage. This nar-
increased, while the depth saturated and decreased after thgying is explained by the luminescence reduction from the
irradiation of Ty,=25 s. This time development is in good smallz region as is discussed in Sec. Ill. The dashed line in
accordance with the theory. The maximum hole depth obgig. 7 is calculated from Eq(18). The experimental hole
served in the type | sample was 0.17, which is somewhajidth at the early time shows a slight deviation from the
small compared with the theoretical prediction. In order toqg|culated line. This discrepancy may arise because the dye
compare the hole shape and the hole width in the early anggncentration in our type Il sample is not low enough to
the final stages of the experiment, the holes were normalizeglatisfy the conditionL,>L, and the hole width weakly
and plotted in Fig. @). The solid and dashed lines are holesshows characteristics relevant to the type Ill sample.
at Ty,,=5 s andT\,=240 s, respectively. The solid squares in Finally, we examined the type Ill sample. Figurébg
Fig. 7 show the hole widtli' as a function of the writing  shows the time development of the hole in thledomain in
time. We see that the hole shape and width are unchanggfle type 111 sample in the reflection geometry. In Fig. 10, we
within the error during the experiment in the type | sample.piotted the Iuminescence intensities at the hole center
This depen_denpe is in g_ccordance Wlth Ep). Even if the H, (Ak=0) and at the background levél, (Ak— =) as a
photoreaction in the writing process is saturated, the correITu'Hction of the writing time. In Fig 63)”'Ithe normalized

tion function that determines the hole shape is the Iowesholes at the initial and the final stages are plotted. The time
order of the intensity correlation between the writing and the ; 9ges P L
ﬁvelopment in the type Il sample is strikingly different

reading beams, as long as the reading beam is weak enouarom those of the type | and type Il samples. The hole width

to ignore the saturation effect. is initially broad and becomes substantially narrower with
Next, we examined the type Il sample. Figu@8hows . Y O . y N
increasing writing time. The normalized hole widih, as a

luminescence intensity as a function &KL in the type Il gjnction of the writing time is plotted in Fig. 7 by solid

sample in the reflection geometry. We see a clear hole in thcircles together with the experimental data of the type | and
luminescence intensity as a function®fL. Figure 9 shows 9 P ype ¢
type Il samples. In the type lll sample, the absorption

the luminescence intensities at the hole cemigtAk=0)  changes and the local speckle pattern also changes under the
and at the background level, (Ak— <) as a function of the time development of the hole. The initial width could reflect
writing time. The behavior is almost similar to that of the the diffusive absorption length,, while the final hole width
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reflects the sample thickneés The maximum hole depth maximum hole depth is~0.26. The theoretical analyses

experimentally observed was 0.20 in the type Ill sample. were confirmed in the experiments in three types of multiple-
scattering media which contain photochromic dyes as the
photoreactive material.

V. CONCLUSION

In conclusion, we investigated the time development of
the hole burning in photoreactive and multiple-scattering me-
dia on the basis of the correlation between the local popula- The authors are grateful to Dr. T. Ito for his cooperation in
tion and the local intensity of the reading beam. The develthe early stage of the experiment. The authors are also grate-
opment of the hole shape, width, and depth reflects théul to Professor R. Matsushima for advice on photochromic
statistical fluctuations in the local speckle intensity. Thedyes.
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