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Uncertainty relation in fluctuations in the space and time domains in disordered optical media
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We confirmed that the uncertainty relation between time and energy is established in fluctuations in the
space and time domains that appear when coherent optical pulses propagate through a disordered static me-
dium. The widths of temporal and spectral correlation functions of these fluctuations satisfy the relation
Stéw~1, that is, 576E~#h. The number of fluctuations is discussed on the basis of the uncertainty relation.
[S0163-182696)52330-1

The Heisenberg uncertainty principle states that conjugataser emission in the range of 400 GHz in the vicinity of 532
physical quantities cannot both be precisely specified at them. The wavelength was monitored using 2 m-length single
same time. The time-energy uncertainty relation is one exmonochrometer. The diameter of the laser beam was about 2
ample of this principle. With a relatioE=%w, whereE is ~ mm. The incident laser light illuminated the surface of the
energy, is Planck’s constant, an@ is angular frequency, sample. The light transmitted to the back surface of th.e
this principle represents the mathematical fact that the extersample forms a far-field speckle pattern. When the transmit-
sion of a wave packet and that of its Fourier transform canied light is time resolved, fluctuations appear in the space
not simultaneously be made arbitrary small. The uncertaint@nd time domains. The incident wave vector of the incoming
relation is a fundamental feature of wave phenomena. Wéght and the wave vector of the outgoing light were both
can find many examples in interactions between light and'e€arly normal to the sample surface. The scattered light was
matter. In order that physical properties of the system béletected using a synchronously scanning streak camera. The
substantially modified over a time intervialthe product ot~ @ngular resolution of the detection system was 0.1 mrad. The
and energy uncertaintyE, must satisfitSE=#%.* When an  time resolution was 5 psec.
atom, excited to a state of mean lifetimeto®mits light, the Figure 1 shows examples of the time-resolved fluctuations
uncertainty of energy of the emitted light is on the order ofobtained when the incoming light was scanned at seven dif-
t~1.2 It is well known that in the generation of ultrashort ferent frequencies. It is seen that the characteristic structures

laser pulses, a broad spectrum light source of the order of thef the fluctuations gradually change in shape. To analyze
inverse of the pulse duration is necessary. quantitatively the loss of the correlation, the correlation was
In this paper, we deal with fluctuations in static disorderedcalculated for 15 sets of experimentally obtained time-
media. Various correlations that develop in these fluctuations
are of recent interest! Memory effects have been investi-

gated in various conditions® The existence of long-range o
correlations in fluctuations has been theoretically predicted Zt @y y .
and confirmed by careful experimertslt was also shown % T !
that two-dimensional fluctuations appear in the space and €T WMMM/\, i
time domains when coherent optical pulses propagate ; i | + i
through random medium and the transmitted light is time & ©
resolved®'®Here, we examine the temporal and spectral cor- % - A I .
relations of these two-dimensional fluctuations in the space g | @
and time domains. As a result, we demonstrate that the un- ; i ¥ ]
certainty relationstéw~1 or 676E~# is established in these z WMM 4
fluctuations. The number of fluctuations in the frequency and & ¥
time domains are discussed on the basis of the uncertainty E - y
relation. < ¥

We have experimentally examined the uncertainty rela- i ﬁMM ’
tion between time and frequency in the fluctuations in the 1 £/ VA
space and time domains. The sample was microcrystallite of 0 2 4 6 8 10 12
BaSQ, compacted to a thickness of 10@0n between two SCATTERING ANGLE (mrad)
optically flat glass plates. The incoming light source was the
second harmonic of a mode locked Ndyttrium aluminum FIG. 1. Examples of the time-resolved fluctuations as a function

garnet (YAG) laser. The pulse duration was 80 psec. Aof scattering angles at an observation time of 1230 p&#ds an
quartz plate of 2 mm in thickness was inserted in the laseitial reference pattern, while itb) the spectrum was changed by
cavity as a wavelength tuning element. The plate was rotatet?.3 GHz, in(c), 24.6 GHz, in(d), 36.9 GHz, in(e), 49.2 GHz, in
around an axis vertical to the laser cavity. Controlling the(f), 61.5 GHz, and ir(g), 73.8 GHz, respectively. Small arrows are
angle of this quartz plate, we tuned the wavelength of theshown to call attention to characteristic structures in patterns.
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FIG. 2. Normalized spectral correlation functi@iAw). Solid FIG. 3. Normalized temporal correlation functi@{(r).

circles and open circles are for the observation time of 916 and _
1230 psec, respectively. The solid and the broken lines are theoretivherew is the central frequency artgl,(t,£,¢) is the slowly

cally calculated curves for the steady state measurement and thearying envelope function. The electric field of the out going
time-resolved measurement, respectively. light is represented as

resolved speckle patterns including those shown in Fig. 1. " - -

The correlation curveC(Aw) as a function of the spectral Eout(t,g,g)zf dt'f dg’f d¢’

shift normalized at the value &@(0) is shown in Fig. 2. The 0 - -

full width at half maximum(FWHM) of the correlation func- el gl s AINE. (41 £

tion is dw=5.6x10'° Hz for the observation time of 1230 XL, 6,608, 8)Bn(, 67,87, )

psec. The correlation curve as a function of delay time is VNP P . o
shown in Fig. 3. The FWHM of the correlation function is whereL (t-',£.¢.4,') is the field propagator fror¢’.{") to

5r=1.2x101° sec. The product 0Bréw=6.7~1, or with (&) in the static sample, which is made up all possible tra-

the relationE=#%w, 676E=#, satisfies the uncertainty rela- jectories and given &,
tion.

To understand the uncertainty relation in the time- L(t-t",£,&",¢,¢")—ZWd[(t-t") —s/c], 3
resolved fluctuations, we apply a real-space theory of the
fluctuations. We assume that the scattered light has a linesyheres=ct is the length of the trajectory is the velocity
polization. Other cases can be dealt with in an identical fashef light in the medium, andV is the amplitude probability of
ion. The electric field of the incoming light at a poi@t?) on  the trajectory. The correlation between fluctuations observed

the medium at a time¢ is represented as, at the timet with incoming light of frequencyw and those
_ observed at the timée+ = with incoming light of frequency
Ein(t,6,0)=Ein(t,§,exdiot], (1) w+Aw, is represented,

Ct,r,0,Aw)=(lgu(t,,& ) ot + 7,0+ Aw,£,0))
=< F dt’fw dt”foc dt”’fw dt" SII Wy W W3 W, ol (t—t') — s, /c] 8] (t—t") — s, /c]
0 0 0 0
X [ (t+ 7—t") = s5/c] 8 (t+ 7=t ) =54 /C]Ef(t ) Ein(t") Ey(t") Ein(t"" Yexd —i wt’ lexd i wt”]

><exp[—i(w+Aw)t"']exqi(w+Aw)t"”]>, (4)

where angular brackets ) denote ensemble average. Thewith the normalization condition,

four complex phasers in Eq4) are independent random

variables having zero mean value. There are two types of N

terms in the summation for which the ensemble average do ¢ 1fo dsT(s/c)=1. ©)

not vanish. The nonzero contributions arise wigna ¢, and

&=6&, or =& and&,=¢,, whereg, represents trajectory ~ Here we assume that the distribution of the length of trajec-
The sum of trajectories can be replaced with the followingtories is much broader than the pulse duration. In our experi-
integration of the trajectory distribution functiom(s/c), ment, the typical flight time of the transmitted pulses is of
the order of 1 nsec, while the pulse duration of the mode-
locked laser pulse is 80 psec. With this approximation, the

2 1
SW[F—c f dsT(s/c), 5 correlation function is,
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C(t,7,w,Aw) surement, each Airy area has a fixed complex phase. There-
fore, the number of fluctuations in the time domain in a

, [ ° _2 single Airy area isNS®®=1 for the steady state measure-
={T(V} fo dslfo ds,c”{IH(t=sy /o)l (t+ 7—Ss,/c) ment. When the fluctuations are time resolved, the number of
_ _ fluctuations in a single coherence area increases. The typical
+E*(t—s,/c)E(t+ 7—s;/c) flight time for the transmitted pulses 8t ,e~L2%//*c,
— —~ where/™ is the transport mean-free path anés the sample
XE(t—s,/c)E* (t+7—s;,/cC) thickness. Therefore, each Airy area has fluctuations of

x extf —iAws; IclexdiAws,/c]), @) Npulse— Styans/tp IN NUMber in the time domain. Thus,

wherel (t) is the intensity function of the incoming pulse. It NPulsg steady | 2/ %t (12)
is convenient to define a spectral correlation function with a T T P
condition thatr=0. This function is given as, Frorr|1 Eq.1(9), the spectral width of the fluctuations is
PUSE_t "~ in the time-resolved measurement. This value is
C(t,0,0,Aw)={T()}2{1+|P(Aw) |3}, g dw " ~tp”inthe .
(1L0.0,80) ={TOIH1+[P(Aw)[7 ® Sw™®3M—c/* L2 in the steady state measurements with con-
where tinuous wave lasers:*> We can understand these situations
. as follows. The propagating modes in the medium have a
P(Aw)=c‘1J dsl(s/c)exgiAws/c] (9) I|fet|me of the_?rder ofﬁt”fe~ll_2//*c. When wave is not
0 localized(ét )~ /Awy modes in number are excited simul-

is the Fourier transform of the intensity function of the in- taneously in the medium, whetauy is the mode spacing in
comina liaht. It is predicted that the widyth of spectral Corre_the medium. The fluctuations will change its profile when the
lation %‘]ungctién is iFr)1dependent of the observagon time Wespectrum of the incoming light is changed of the order of
. . : : (i) " In the time-resolved measurement, the number of
fﬂ;? Aoff:'r(‘)e $h'ti§r?§:£(l)r(1:c:grelstel}cr)1nafsunctlon with a Condltlonmodes to be excited ts, /A wy, . The profile of fluctuations,
' 9 ' thus, changes when the spectrum is changed of the order of

C(t,7,0,0)={T(1)}2{1+|G()|2, (10) tpt. ‘The rate of number of fluctuations included within a
certain frequency window observed in the steady state and in
where the time-resolved measurements are
G(r)=c! f dsE*(s/c)E(s/c+7) (12) NRUISTNZeadL. /% ¢ c/L2, (13
0

is the field correlation function of the incoming light. We can From Egs. (12) and (13 the total ratio of the number
now quantitatively compare the theory with experimental re-0f fluctuations in frequency and time domains is
sults. Figure 2 are theoretically calculated curves for thd N2SINSEAH[NRSYNE®Y ~ 1, and is constant. It is con-
steady staté'’? and the time-resolved measurements. Thecluded that the difference between the steady state and the
diffusion constant used is 0.13 Mimsec® It is seen that the time-resolved measurements is the distribution of fluctua-
theoretically calculated curve for the time-resolved measuretions between the frequency and time domains. The total
ment shows good agreement with the experiments. For sirrumber of fluctuations is constant.
plicity, we assume that the intensity function of the incoming In summary, we have experimentally confirmed that the
pulse is Gaussian shaped. From E§s.and(11) the product uncertainty relatiorsréw~1 or 5t6E~# is established in the
of 8réw is theoretically calculated to be 5.5, which showstime-resolved fluctuations in the space and time domains.
good agreement with the experimental value of 6.0. Seemingly, time resolving increases the number of fluctua-
Let's consider a relation between the degrees of freedortions. However, time resolving only changes the distribution
in the medium and the fluctuations. In the steady state meaf fluctuations between the frequency and time domains.
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