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Superluminal propagation of light pulses: A result of interference
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The propagation of pulses through dispersive media was investigated by solving Maxwell’s equations with-
out any approximation. We show that the superluminal propagation of pulses through anomalous dispersive
media is a result of the interference of different frequency components composed of the pulse. The coherence
of the pulse plays an important role for the superluminal propagation. With the decrease of the coherence of the
pulse, the propagation changes from superluminal to subluminal. We have shown that the anomalous dispersion
(the real part of the susceptibilitynot the amplificationthe imaginary part of the susceptibilitplays the
essential role in the superluminal propagation. Although the superluminality always exists as long as the
spectrum of the coherent pulse is within the anomalously dispersive region, both the energy propagation
velocity and the frontal velocity never exceed the light speed in the vacuum. The output pulse through the
medium is not the original pulse; instead it carries the information of the original pulse and the information of
the prepared medium.
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[. INTRODUCTION ferent frequency components produces this rather counterin-
tuitive effect[6].” “In this experiment, each of the different

Superluminal propagation is a phenomenon that the groufrequency components making up the pulse experiences a
velocity of an optical pulse in a medium is greater than theslightly different dispersion in the medium. The relative
light speed in vacuurfil,2]. This phenomenon has been dis- phases between them are therefore changed and the pulse
cussed theoretically and experimentally in many differentshape is shifted to bring the pulse wave pactat group
media[3—10. However, the mechanism about the superlu-velocity) forward in time[16].” “Therefore, in a sufficiently
minal propagation remains controversial. strong anomalous dispersion medium, the redder incident ray

What is the mechanism of the superluminal group velocwill have a shorter wavelength and hence becomes a bluer
ity of pulses through the mediuiithe advance of the pulse ray, while an incident bluer ray will have a longer wave-
peak? There are two different viewpoints. One of them islength to become a redder ray. This results in an unusual
that the front and the back of the pulse undergo different gaisituation where the phases of the different frequency compo-
or attenuation[11-15. Some statements are as follows. nents of a pulse become aligned at the exit surface of the
“The pre-excited active medium plays the role of a nonlinearmedium earlier than even in the case of the same pulse
amplifier, amplifying the front of the laser pulse and absorb-propagating through the same distance in a vac[Lim”
ing energy at the rear of the pulse in such a manner as to Recently, we have shown the effect of coherence of light
maintain its shape but at the same time increase the overalh superluminal propagation and the important role of the
pulse speed1l].” “We show that in a gain medium, the interference between different frequency components for the
lowest-order effect is that the pulse propagates with velocitysuperluminal propagatiof24]. In this paper, we will inves-
c and undergoes differential gain, i.e., a distortion in whichtigate the nature of the superluminal propagation, and use
the front of the pulse is amplified more than the batg].” partially coherent pulses to solve this controvery. From the
“The leading edge of the Gaussian pulse entering the meviewpoint that the interference between different frequency
dium induces the gaitior accumulatiop effect that makes components results in the superluminality, the superluminal-
the peak of the pulse appear at the exit of the medium earligty depends on the coherence of the pulse. If we can change
than it appears through the vacuum. At a later time, when théhe interference which can be realized by varying the coher-
peak of the pulse reaches the medium, the absorgtion ence of the pulses, while keeping the intensity profile of the
dissipation effect becomes more important, and so, a part ofpulse the same, the superluminal propagation will be
the pulse energy would be dissipated inside the mediunchanged(even disappeaysin the following, we will inves-
[13].” “We demonstrate that a well designed linear medium tigate the dependence of the group velocities on the coher-
with two resonances can be used to reshape a pulse so thaice of the pulses, discuss the effect of coherence on the
the front is amplified and the back is attenuafé&].” superluminal propagation, and demonstrate that the coher-

Another viewpoint is that it is due to the interference be-ence plays a key role in the superluminal phenomena. In Sec.
tween the different frequency components of the pulsell, we will introduce temporal partially coherent pulses. In
which undertake different phase shifts after passing througec. Ill, we will discuss the propagation of temporal partially
a medium of anomalous dispersipb6—23. “It can be un-  coherent pulses in a gain medium. In Sec. IV, we will point
derstood by the classical theory of wave propagation in amut that the key role for superluminal propagation of pulses
anomalous dispersion region where interference between difn a dispersive medium is the real part of the susceptibility
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and is not the imaginary part of the susceptibility. In Sec. V, (t;—ty)2
the group velocity, the energy velocity, and the frontal veloc- I'(0t1;0t5)=[1(0ty)l (O,tz)]”zexr{ — %1
ity of the pulses are again investigated in detail, we show the Olo

differences among these velocities. Our final conclusion can  expf i wg(ty—ty)], (4)

be found in Sec. VI.

whereo ¢ is the correlation time width, which measures the
Il. TEMPORAL PARTIALLY COHERENT PULSES correlatio.n_l-)etv.veen ftwo differen'F space-time points. Note
that the initial intensity of light fieldl (0t,)=I'(0t;;0t;)
The interference can be varied by changing the coherengg=1,2) is not dependent om, . That is to say, the space-
of light. In order to investigate the effects of coherence andime intensity profile of the pulse is the same for any value of
interference on the superluminal propagation, we introduce g, ,. We call the pulse defined by E@) as a kind of Schell-
kind of temporal partially coherent pulses. It is known thatModel plane-wave pulsgs0].
any light field from real source is not fully coherd6]. For It is obvious from Eq.(4) that the completely coherent
stationary fields, the theory of coherence has been studied f@fane-wave light pulse is obtained at the limit,—. In
a long time[25,26. Recently, the theory of coherence for the opposite limitr ,—0, all the space-time points become
nonstationary fields is establish¢#7—-32. The correlation yncorrelated. Therefore, when the parametgy varies from
function of a pulse in space-time domain is the key quantityzero to infinity, Eq.(4) represents a class of temporal par-
for discussing partially coherent pulses. tially coherent pulses with the same space-time intensity pro-
The correlation function of a fully coherent plane-wave file but with different coherence. In the following, we will

pulse  [25] is  defined by TI'(z;,t1:2,,t)  consider two special partially temporal coherent pulses.
=E*(z;,t1)E(2,,t,). The reflection in current case is neg-

ligible. Decomposing the electric field into Fourier compo- IIl. PROPAGATION OF TEMPORAL PARTIALLY

nents, E(z,t) = [E(0.0)e(“Y%e"!*'dw, where k(w) s a COHERENT PULSES IN A GAIN MEDIUM

complex wave vector, we can write the correlation function

for a fully coherent pulse as We consider the propagation of a partially coherent pulse

in a gain medium fronz=0 to L surrounded by the vacuum.
(20 teo70 1) = W(0.0- -0 The susceptibility of the gain medium is assumed as a double
(21.11:25,17) = (0.01:0,02) Lorentz oscillator, which describes a three-level system with

_ - _ two closely placed Raman gain pedi,
X elk(02)z2 =1k (0)216l (0111~ @22 g ¢ d

® @)= —— M

— + -
w—wg—A+tiy w—wgtA+iy’

)
where _ ] o ]
whereM is related to the gain coefficient, andis the spec-
tral width of two gain lines. The parameters used in this
section arewy/27=3.5X 10" Hz, M/27=2.262 Hz, y/27

, =0.46x10° Hz, A/2m=1.35x10° Hz, which are fit to the
=J f I'(01t;;0tp)e (vataw22dt, dt,, experimental data reported in R§6]. The relation between

complex wave number and the susceptibility kgw)

2 =wn(w)/c with n(w) =1+ x(o) [x(w)=1].

with T'(0,t1;0,t5) being the initial correlation function of the A. Gaussian pulses
pulse atz=0. By using Eqs(1) and(2), we can obtain the
evolution of the correlation function.

For a partially coherent pulse the correlation function

is defined[25] by T'(z1,t1;2,,t) =(E*(z1,t1) E(Z,,t2)), t2
I(O,t)=exp( )

W(O,(l)l , O,(l)z) = E* (0,0)1) E(O,(I)z)

First we consider the propagation of partially coherent
Gaussian pulses whose initial intensity is

where “(: --)" represents the statistical ensemble averdhe
phases of all components of the light field is partially ran-
dom, and the average is taken on all these componéiriie PSRN ) _
evolution of the correlation function for partially coherent Wheré o,=1.2x10"" s is the pulse width. So the initial
pulses is still controlled by Eqgl) and(2). In the above and _correlatlon function of the partially coherent Gaussian pulse
the following discussion, we assume that the medium is sta®

tionary. For the fully coherent plane-wave pulses, we have p( t2 ) p( t3 )

I'(0tq;0t,)=exp — exp —

(6)

2
0.0

2 2
T(0t1;0t2) =[1(0t)1 (Ot2) IV?exfiwo(t—tz)]. (3 770 2070
. . (t1—tp)? :
For the partial coherent pulses, the temporal correlation usu- xXexpg — —— —|exfiog(ti—t2)].
ally depends only on the time difference, and we assume that Lo
the initial correlation function is Gaussian, (7
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) FIG. 2. Peak delayy as a function of the correlation time, .
FIG. 1. The temporal evolution of the pulse envelopzal  cyryea for the partially coherent GSMP, the relevant parameters
Solid line, the pulse through the vacuum; dot line, the pulse throughy;e the same as in Fig. 1; curbefor the partially coherent quasi-
the medium foro o=2400 ns; dashed line, the pulse through theectangle pulser,=20x107¢ s and 8,/2m=0.5x 10° Hz, other

medium foro o=82.41 ns[24]. parameters are the same as Fig. 1.

Such a pulse is called temporal partially coherent Gaussiatihrough the vacuum, respectively. Whep, becomes small,

Schell-model pulséGSMP [30,24,31. the pulse becomes partially coherent and the peak delay in-
Let the partially coherent Gaussian pulse enter the meereases. Whewr , is sufficiently small(see the dashed line

dium atz=0 and exit the medium at=L. Substituting Eq. the pulse propagation is no longer superluminal, but sublu-
(7) into Eq. (2), we have the generalized spectral density minal. The dashed line in the figure is for, ,=82.4 ns,
where we have a peak delay 6f=96.6 ns (subluminal
propagation In Fig. 2 we plot the peak delay as a func-

W . _ i </ 1 tion of the correlation time widthr o (see curvea). It is
(0,(1)1,0,(1)2)— . .
27 N 1+ (o loLg)? very clear that the time decay increases as the pulse changes
from almost fully coherent to almost incoherent. The transi-
(01— wg)?+ (wy— wg)? tion from superluminal to subluminal propagation happens

X ex 1 1 near o y~200 ns. As the correlation time , becomes
2| 5+ — smaller than 75 ns, the time delay decreases again. At ex-
0  Olo tremely smallo o, the time delay tends to a constant, which
is determined from the average refractive index of the me-
(01-w;)? dium. In our case, the average refractive indexnis1,

(®)

which means the time delay tends to zero in the limit of
o 0—0. From the above discussion it is clear that the dis-
persion is result of the interference between different fre-
guency components.

The shape and the width of the generalized spectrum of such
a pulse depend on both.y and o o. Wheno >0, the

light pulse is essentially fully temporal correlatédlly co- We consider the propagation of a temporal partially co-

heren}, and the width of the generalized spectrum is deternerent quasirectangle pulse. For a fully quasirectangle coher-
mined by the temporal widthr 5. Wheno o<o, the light  ent pulse, its spectrufi24] is

pulse is globally temporal uncorrelat@dcohereny, and the
generalized spectral width determined by the correlated
time width o o becomes very broad. The intensity of the
pulse is determined by(0,t) =1"(0,t;0t), which is indepen-
dent of o, that is to say, the initial intensity profile is
independent ofr, . Substituting Eq(8) into Eq.(1), we can g jntensity of the quasirectangle pulse at initial position
get the pulse evolution through the medium. In Fig. 1, We,_q is
plot the intensity profilel(z,t)=1(z,t;z,t) after passing

through the medium for different ,. When o is large,

the pulse is essentially coherent and its propagation is super-
luminal. For o o=2400 ns(dot line), the peak delay is$4
=t,—t,=—62.2 ns, where,, andt, are the times that the (see Fig. 3. In the following we choose,=20x 10 °® s and
peaks appear for the pulses passed through the medium aagl27=0.5x 10° Hz, and other parameters are the same as

a 2 2
4(oytorg)

4
J:0

B. Quasirectangle pulses
sin 7o(w— wg)
s 7o(w = wo)] wherfw — wo| < 8,

To(w— wq) 9
0 wheno—wg|>dp.

E(0,0)=

2

I(O,t)zf E(w)exp —iwt)dw (10
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the above. Substituting E410) into Eq. (4), we can obtain IV. DISCUSSION OF THE ROLE OF THE REAL

the initial shape of the temporal partially coherent quasirect- AND IMAGINARY PARTS OF THE SUSCEPTIBILITY

angle light pulse of anyr,, as shown _in Fig. 3. l_Jsing Egs. In the above section, we have shown that the coherence of
(1), (2), and(4), we can get the evolution of partially coher- e |ight pulses plays a very important role in superluminal
ent quasirectangle pulse, and the intensity of the pulse in thﬁropagations, and superluminal propagation is a wave inter-
medium at any position. The intensity of the quasirectanglgerence phenomenon. Reducing the coherence, the superlu-
pulse has a lot of peaks. The arrival of the first pestlarply  minal will disappear. Meanwhile, we note that the superlu-
ascending to highest value for the initial puls®n be con-  minal propagation is always accompanied by amplification
sidered as the arrival of the puléar the signal carried by the (due to the gain of the mediumNow we examine what the
pulsg [20]. We study the time difference of the arrival of the role of the amplification igi.e., what is the role of the imagi-
first peak of the pulse after propagating through the mediunmary part of the susceptibility?In the following, we will

and the vacuum. In Fig. 2, cundeis the peak delay time show that the gairior absorption of the medium is not im-
versuso o for the quasirectangle pulse. When the coherencg@ortant for superluminal propagation, although it cannot be
decreasesd, o decreasesthe propagation changes from su- removed for a practical medium.

perluminal to subliminal. The behavior is similar to that of
curvea.

When o, becomes smaller from a large valg@most
infinity), the peak delay time first increases to a maximum In order to examine the effect of the gain on pulse propa-
and then decreases to zero @g, goes to zero. As well gation, we consider three situatioris) Only keep the imagi-
known, the spectrum width w of a coherent pulse is related Nary part of the susceptibilitypure amplification or absorp-
to its durationAT as Aw~1/AT. For a partially coherent 10N); (2) only keep the real part of the susceptibilifyure
pulse, we do not have its spectrum. However, we Car@spersmt)u 3) k_eep both partsreal medlum. In Fig. 4a),
useW(w, ) as an equivalent spectrufd0], which depends we plot the profiles of the pulse at the exit end for the three

. . . . : situations together with the profile after passing through the
on the corelation time widthro and its durationAT. .vacuum. The susceptibility is still given by E¢p) with the

For the partially cohe.rent Gaussian pulse, we can Obtalgame parameters as in the above section. Comparing burve
from Eq. (28) the eqzuwalent power spectrum widiw (o the pure amplificationand curved (for the vacuuny we

= (o ,0)*+ (1o 0)*. The equivalent spectrum width in- fing their peak positions are the same and the amplification
creases as the correlation time decreases. When the correfgr the front and tail is symmetricébee Fig. 4b)]. Curvea

tion time decreases so that the equivalent power spectrum @for the pure dispersionand curvec (for the real medium

the pulse covers the whole normal dispersion region besidesave the same peak advancement. Clryier the pure am-
the central anomalous dispersion region, the peak delay timglification) does not have the peak advancement. Therefore,
reaches a maximum value. When the correlation time dethe amplification is not an essential factor for the advance-
creases continuously so that the equivalent power spectrument of the peak. In Ref33], the authors divided the time
width reaches the flat dispersion region outside the normalelay (defined by the time “center of mass” not by the peak
dispersion region, the peak delay time decreases again. time delay into two parts: “the net group delay” and “the

A. Fully coherent Gaussian pulses
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FIG. 4. A coherent Gaussian pulse through the medium with
gain. (@) The profiles of the pulse at the exit end for the three
situations together with the profile after passing through the
vacuum. Curvea for the pure dispersion, curdefor the pure am-
plification, curve c for the real medium, and curvd for the
vacuum.(b) The difference between the pulses through the pure
amplification and the vacuum.

(@
reshaping delay.” In current case, due to the symmetry of the

spectrum of the pulse around the central frequency of the
gain medium, the amplification of each frequency compo-
nent in the medium is also symmetrical. Consequently the
symmetry of the pulse profile would be kept, if we only
consider the imaginary part of the susceptibility. Therefore,
the reshaping delay induced by the amplification attenu-
ation) of the medium is always zero for the Gaussian pulses.
The effect of amplification induced by the imaginary part of
the susceptibility only makes the pulse compressed or broad
ened. The real part of the susceptibiliiye., the anomalous
dispersion plays the essential role in the advancement of
pulses through such a gain medium.

In Fig. 5, we compare the shape of the pulse after passinéb)

Relative Intensity

Relative intensity

PHYSICAL REVIEW E 68, 066606 (2003

05

0.0040
I0.0035
I-0.0030
I-0.0025
I-0.0020
-0.0015
-0.0010
- 0.0005
+0.0000
--0.0005
F-0.0010

¢: real medium

0.4 d:initial pulse

0.34

0.2

0.1 Difference

ISUBJU| PBZI[BULION JO 8ousiaiq

o
[=]
=4
wm
A

0.0

0
time (ps)

FIG. 5. Comparison between the shapes of the pulses after pass-
through the medium with the initial shape. The shape of pulses

is normalized by the areas of the pulse being equal to 1.

B. Fully coherent quasirectangle pulses

In Fig. 6, we show the three situations as discussed above
the fully coherent quasirectangle pulse. In order to show

the effects clearly, we choodd/27=5.26 Hz , and other
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through the medium with the initial shape. The pulse passing £ g A coherent quasirectangle pulse through the medium
through the medium is rescaled so that it contains the samgin gain, whereM/2w=4.524 Hz and others parameters are the
energy as the initial pulse. We align the two pulses’ centers tQame as beforda) The profiles of the pulse at the exit end for the

examine the shape difference between the two pulses. Wgree sjtuations together with the profile after passing through the

find that the pulse is compressed slightlystorted, because
the amplification at different part of the pulse is different, piifi

vacuum: Curvea for the pure dispersion, curdefor the pure am-

cation, curvec for the real medium, and curvd for the

although it is still symmetrical with respect to the center ofvacuum.(b) The difference between the pulses through the pure

the Gaussian pulse. am
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back half peaks in curvéo are shifted backwards. The
amount of forward shift and backward shift is symmetrical
[see Fig. @0)], and consequently cunieis still symmetrical
and slightly broadened. The maximum amount of 22.5 ns
shift is for the first peak and the last peak. This effect is
similar to the reshaping deldg3]. Comparing curvea (for

the pure dispersigrand curved, we find that all the peaks of
curvea are shifted forwards by the same amo(#27.5 ng,
which are much larger than the shi2.5 ng induced by the
pure amplification. From curve (for real medium, we find
that all peaks are advanced, and the first peak has the maxi-
mum advancemer(about 150 nsand the last peak has the
minimum advancemen@bout 97.5 ns Therefore, the am-

AJISusju| pazifewlIon J0 SouBIaKI]

FIG. 7. Comparision between the shapes of the quasirectanglglification (or absorptioh is not an essential factor for the
pulses after passing through the medium with the initial shape. Thgdvancement of the peaks. In Fig. 7, we compare the shape
shape of pulses is nomalized by the areas of the pulse being equgt the pulse after passing through the medium with the initial

to 1.

parameters are the same as before. In the figure, cangs

shape. Here we also align the two pulses’ centers. It is clear
that the shape is changed. Each peak is compressed.
Here we emphasize that, the shape distortion of pulses can

¢, andd are the cases of the pure dispersion, the pure amplibe divided into two parts: the symmetrical distortion and the
fication, the real medium and the vacuum, respectively. Carenonsymmetrical distortion. The former is due to the amplifi-

fully comparing curveb (for the pure amplification and

cation(or attenuatioh(i.e., the imaginary part of the suscep-

curved (for the vacuuny, we find that those peaks in the tibility). The symmetrical distortion could not lead to the
front half of the pulse in curvb are shifted forwards, and the advancement of the peaks. The nonsymmetrical distortion,
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FIG. 8. The evolution of the envelope intensity under different dispersions. blere.9%,. The solid line shows the waveform &t
=0 s, and the dash line shows the waveformi=afl0 s, and the dotted line shows the waveforni-a20 s. (8 In the vacuum §;=n,
=1); (b) in a normal dispersive mediumy;=1.4 andn,=1.35; (c) in a weak anomalous dispersive medium= 1.3 andn,=1.4; (d) in
a strong anomalous dispersive medium= 1.2 andn,=1.4. Note that the axis is in the scale of $10° m.
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FIG. 9. The energy velocity of a two-frequency-component plane wave propagtion under different dispéasibnthe vacuum i,
=n,=1); (b) in a normal dispersive medium; = 1.4 andn,=1.35; (c) in a weak anomalous dispersive medium= 1.3 andn,=1.4; (d)
in a strong anomalous dispersive mediums= 1.2 andn,=1.4. Note that the axis is in the scale of 810° m.

which is essential for the superluminal propagation, is due talispersion effect are taken into account since the dispersion
high order dependence of the wave vector on the frequencielation ofk(w) has not been expanded into the Taylor se-

(the real part of the susceptibiljty ries.
Two monochromatic plane waves propagate direction
V. GROUP, ENERGY, AND FRONTAL VELOCITIES with frequenciesv,w,, and wave numbers,, k, in a dis-
OF PULSES persion medium. The electric and magnetic fields of the two
waves are

In order to better understand the group veloditye en-
velope evolutionp and energy velocity of a pulse, we first = _E N
consider the simplest example of the superposition of two Ei(z ) =Eoexdi(kiz= i),
monochromatic plane waves passing through different dis-
persion materialséassuming zero gain or absorption for both H(z.t)= \/Eﬁ exdi(kz— ot 11
waves. Then we will discuss the group velocity of a pulse as (Y wp ° Hikiz=ot)], (D
a function of frequency in different dispersion media. We
would emphasize that in our calculation, all orders of thewheree; andu; (i =1,2) are the corresponding permittivities
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and permeabilities at frequencies and w,. The total elec- 3

tric field and intensityl (z,t) are as follows: Ue= 7 (15)
We+ W,

E(z,t)=E,(z,t)+E,(z1) A
. whereS is the Poynting vector and, andw,, are the elec-
=Eo{exfdi(kiz— oit) [+ exdi(kyz— wsot) ]} tric energy density and the magnetic energy density. In the
case of two monochromatic waves, the Poynting vector has
the form of the compound wave after the average:

- 1 1
:ZEocO _(wl_wz)t__(kl_kz)z
2 2 c
&_ - >
S= - [ExH*]

xco{%(wﬁ wz)t—%(kl—i- k,z|, (12
C ( €1 82)
- - = —_— _+ JE—
I(z,t)=(E*(z,t)E(z,1)) Am\ Vuy Vo,

=|Eo/*{2+2cof (ky—kp)z— (01— w)t]}, (13) X EqHof1+cog (k; —kp)z— (@1~ wp)t]}K, (16)

where (---) represents a time averadgenuch longer than \herek is a unit vector and indicates the direction of the

1/(w1+ wp) and much shorter than|i/,— w,|]. The group  energy flux of each composite wave. After the average the
velocity describes the evolution of the peak of the amplitudesnergy densities in this case are

envelope or of the peak of the intensity envelope,

1 . .
_do w;—wy; C w1~ 0, 14 We=§[E~D*]
UQ—E_ kl_k2 - n_l n2 ’ ( ) . ~ ., .,
wl_n_lw2 :8_77[(E1+E2)'(81E1 +82E2)]
wheren;=ck;/w; (i=1,2) are the refraction indices. = i(81+82)ES{1+COQ{(k1—kg)Z—(wl—wz)t]},
In Fig. 8 we plot the evolutions of the intensity envelope 8m
under different dispersion conditions. We assume that the 1 . . (179
medium is nonmagnetic, i.eu;=u,=1. The directions of Wn=g-[B-H"]
v4 are indicated by the arrows. In Figgag-(c), we can see 1
that the group velocities are equal to, less than, and larger = —[(wiHy+ pmoHy) - (HE +H3)]
than the light speed in the vacuum. Furthermore, in Fig. 8 8
(d), the group velocity becomes negative, i.e., the peak of the 1 ) o Mo
intensity envelope is propagating backward instead of for- -y (e1+e2)Hot Veqe, \, EJF \/Z
ward. Since the two monochromatic waves are propagating
forward, and the energy velocity of the compound wave must X H3cog (ki —kp)z— (01— wg)t]] i (17b
be forward. Therefore, the group velocity is not the energy
velocity of the compound wave. Substituting Eqs(16), (17a, and (17b into Eq. (15 we
The energy velocity is defined 4B4,26| have
|
€1 €2
2c —+\/—
M M _
Geo= = : K. (18

cog (k1 —Kz)z— (w1~ wy)t]

M1 M2
(e1ter)tVeien \/:—i- \/—
M2 M1

1+cog (ki —ky)Z— (w1~ wy)t]

(e1tep)+

In Fig. 9, we plot the energy velocity as a function of time dium are larger than unit. That is, to say the group velocity is
t and positionz. The energy velocityy, of the compound not the energy velocity of the wave. They are the same only
wave is not a constant. It varies with the time and positionin the case of the vacuufor the nondispersion medial hey
due to the interference of the two plane waves. From Eqgare always different in the dispersion medium even for a
(18), we can prove that the energy velocity is always positivenormal dispersion one.
and always equal to or less than the light speed in the In the above case, it is too simple and ideal but much
vacuum on the condition that the permittivitiesof the me-  more explicit. Now, we still consider the case discussed in
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Incident end Exit end

6cm
[¢Y) /\

12cm

A
o A
N

1.0x10°
FIG. 10. The energy velocity of a completely coherent Gaussian 064 — prm—— R
pulse through the two-gain medium. The relative parameters are thigg 1 [~ Channel (2) 8.0x10
same as in Fig. 1 & 054 |- Channel (3)
e - —— Channel (4) 6.0x10
= 04-
Sec. Ill. The medium can be seen as a single-layer photoni(g ]
crystal. By using the method developed in Regf3], for a % 0.34
coherent pulse, we obtain the energy velocity from @&). £ o \o.0
Here we would like to emphasize that both the transmitted S ™ 1 A s
and reflected electromagnetic fields are included in the cal- 014
culation.(The result is almost the same if the reflected field
is neglected.In Fig. 10, we plot the energy velocity for the 0.0

fully coherent Gaussian pulse propagating in the anomalou: ; " : '
: : . . ; . . 2.4 -1.2 0.0 1.2 24
dispersion medium with a gain as discussed in Sec. Ill. The(b) .
energy velocity is approximately equal to No superlumi- Time (us)
nality for the energy velocity of the wave propagation occurs . .
in such a medium. Obviously, the group velocity is also not , /G- 11. The evolution of such puise through four different
the energy velocity of the pulsevave channels(a) is the schematic diagrams of these chann@lswith

9y . Y . P e . a 6 cm medium,(2) with a 12 cm medium,(3) with a 24 cm

Although the intensity envelope is proportional to the en-

d . h locity i | h medium, and4) with a 50 cm free space, arid) shows the nor-
ergy density, the energy velocity is not equal to the 9rouRyjized intensity profiles of such pulse at the exit end when it

velocity. The energy densi'Fy ir_‘ the. medium and a,t the ?Xiﬁoassed through these different channels, and the inset is the ampli-
end comes from two contributions: One from the incoMinGsication of the front leading of the pulse. The other parameters of

electromagnetic field and another from the energy preserve@le medium are the same as in Fig. 1.
in the medium[36]. The energy velocity determined by Eq.
(15) is the propagating velocity of the electromagnetic fieldlong medium +44-cm-long vacuumj;2) 12-cm-long me-
energy of the wave only. Hence the group and energy velocidium + 38-cm-long vacuum(3) 24-cm-long medium+26-
ties are different. cm-long vacuum;(4) 50-cm-long vacuum, and Fig. @)
Now we turn to consider the velocity of pulse’s front shows the normalized intensity profiles of such pulse at the
[2,14,15,34,3F Here we consider the initial incident light exit end when it passes through these four different channels,
pulse has the following form: while the inset figure is the amplification of the front leading
of the pulse. From these curves, we obtain the time delays of
the pulse peak through each channel &t¢:ty=63 ns, (2)
tq=132 ns, (3) t4=249 ns, and(4) ty=0, respectively.
(19) From the insert figure, we can find that the front leading ends
0 otherwise. of the pulses propagate with the same velocityalthough
the peaks of the pulses propagate in the medium with a nega-
The pulse has well-defined start and engd=1.2 us), tive group velocity due to anomalous dispersion. The peak in
and there is no singularity in the pulse envelop. The cohererthe third channel emerges first at the exit end. However, the
pulse passes through the mxedium considered in Sec. lll. Ishape of the pulse from the third channel is greatly distorted.
order to make our calculation convinced, we take into ac-The time advancement of the peak can never be larger than
count both the transmitted wave and reflected wave in théhe time interval between the start point and the peak of the
medium by using the method of R¢23], which can include original pulse(here it is 2.4us). Therefore, the distance of
all orders of the dispersion. Figure 11 shows the evolution ouch pulse with a front start point passing the medium is
such pulse through four different channels with differentlimited if we want to preserve the pulse shafearly un-
length of the anomalously dispersive medium. Figurélll changed after passing through the medium.
shows the schematic diagrams of four channél$:6-cm- We have shown that the front leading end is always

t
+cog -—| when-27,<t<27g

E(0t)= 279
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propagating at the speed of light(no superluminality, the  coherent properties, as the partially coherent pulses discussed
propagation of the pulse’s peak is superluminal. We wouldabove(or pulses containing strong nojs¢he superluminal-

like to point out that, if the pulse is partially coherent, theity disappears. As demonstrated above, the superluminality
front end also propagates at the speed of lighaind the always exists as long as the spectrum of the coherent pulse is
superluminal propagation of the peak gradually becomesvithin the anomalously dispersive region whatever the shape

subluminal as the coherence of the pulse decreases. of the pulse is, and the evolution of such coherent pulses are
always transmitted superluminally. We show that the ampli-
VI. CONCLUSION fication is not the essential reason for the advancement of the

_ o _ ) ) pulse peak, and the amplification is responsible for pulse
_ In the linear media with dispersion and gdr absorp-  compression or broadening. The main reason for the ad-
tion), each Fourier component of the pulse propagates in ganced peak is the real part of the susceptibility, which leads
different way. Each Fourier component obtains a phase shify the different phase shifts for different frequency compo-
when it propagates and is amplifi€th gain media or at-  nents through the medium. Although the peak of the pulses
tenuated(in absorptive medja However, these phase shifts 5pnear in advance, both the energy and frontal velocity of the
are not the same, and the amplificatidos attenuationfor  ise never exceed the light speed in the vacuum.
different Fourier components are also not identical. Although
each Fourier component propagates in a velocity not faster

than ¢, the resuperposition of all frequency components at ACKNOWLEDGMENTS
the end of the medium will produce a new pulse which will
appear in advancéor anomalous dispersigror delay (for This work was supported by FRG from HKBU and RGC

normal dispersioncompared with the pulse propagating in from HK Government, by the National Natural Science
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