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Superluminal pulse reflection and transmission in a slab system doped with dispersive materials

Li-Gang Wang' Hong Cherf, and Shi-Yao zht?
lDepartment of Physics, Hong Kong Baptist University, Kowloon Tong, Hong Kong
2Departmen’[ of Physics, Tongji University, Shanghai, 200092, China
(Received 8 March 2004; revised manuscript received 18 June 2004; published 2 December 2004

The reflection and transmission of a pulse through a slab which is doped with two-level or three-level atoms
are investigated theoretically. The doped atoms can be pasdigerptivée or active(gain). We find that both
the reflected and transmitted pulses can be superluminal simultaneously for the slab doped with absorptive
two-level atoms at the slab thickness equal(2m+1)>\0/4\s‘°e—b (where\q is the center wavelength of the
incident pulse, and, is the background dielectric constant of the $labwith active three-level atoms at any
thickness. By adjusting the thickness or background dielectric constant of the slab, the reflected pulse can be
controlled from superluminal to subluminal or vice versa for the slab doped with absorptive two-level or
absorptive three-level atoms. The energy percentage in the reflected pulse can also be controlled by changing
the thickness of the slab, and the doped atoms.
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I. INTRODUCTION Agarwal et al. [17] also gave out a reciprocity theorem for

The propagation of a light pulse passing through a dispert—he reflected and transmitted fields in a slab system. For a
sive medium has been extensively investigated]. Super-  l0ssless system, due pg?+[t[>=1, if there is a dip in trans-
luminal phenomenotithe group velocity is larger thapor ~ Missivity, according to the Kramers-Kronig relations this dip
even becomes negativeas been experimentally observed in correspond§ to an anpm:_:llous dispersive region on the curve
absorptive media[3], and pulse tunneling through one- of the effective refractlve index versus frequen2g], which
dimensional photonic band gapsD PBGY [4—8], and re- lead to superluminal pulse transmission compared to that of
cently in a doublet gain anomalous systé®i In these in- the pulse through the same distance vacuum; for the reflec-
vestigations, the main attention was focused on thd!on, if there is a_peak in the reflectivity, th(_a phase time of the
transmission of a pulse through the media. Recently superlUeflected pulse is positivé.e., the subluminal pulse reflec-
minality of the pulse reflection was discussed theoretically infion). Thus the reflected and transmitted pulses cannot super-
optical phase-conjugating mirrdi0] and asymmetric 1D luminal S|m_ultaneously. In our paper, We_extend the results
PBGs[11]. In experiments, Longhet al. [12,13 first ob-  Of the previous research¢s,9,11,18, and find the reflected
served superluminal reflection of an optical pulse by using #ulse can be tuned from subluminal to superluminal simply
double-Lorentzian fiber Bragg grating. Later, Nimgt al. b_y cont_rolhng the slab’s thlcknes(Qr the slab’s background
[14] experimentally verified that the reflection delay was al-dielectric constant Another key point is that we achieve the
most independent of the barrier’s lengthis effect is known ~Superluminal pulse reflection and the superluminal pulse
as the Hartman effectl5]). In these discussions, the re- transmission simultaneously. o
flected pulse is superluminal while the transmitted pulse is N the present paper, we calculate the peak arrival times of
subluminal. Blaauboegt al. first predicted that superluminal the reflected and transmitted pulses, from which the group
phenomenon may occur simultaneously both in ref|ectioﬁ/.e|OC|ty can be obtained. O.ur calculation is under the condi-
and in transmission by using optical phase conjugation in th&é0n of the narrow spectral lim{t7,23-26, and consequently
unstable regimé¢10]. the distortion of the pulse shape is extremely small and can

In this paper, we consider a pulse incident on a slab Sysbe negligible. Our numerical results show thz_it, it is achiev-
tem doped with two-level or three-level atoms. The atomsble that both the reflected and the transmitted pulses are
can be passivéabsorptive or active(gain). Some literature sgperlumlnal for the doped slab. In the fqllovx_/lng section, we
has paid attention to the slab systeft6—20, for example, will present the theory of pL!|S€ propagation in a slab system
such as a Fabry-Pérot cavities containing gaseous aton®y Using the transfer matrix method. In Sec. IlI, we will
[19], semiconductor cavities with quantum we20] and a o_Ilscuss the numer_lcal _results gnd consider the pulse ref_lec-
low-finesse Fabry-Pérot cavitwith silver mirrorg contain-  ion and transmission in two kinds of the slabs dpped with
ing absorbing atomg18]. Reference[18] used the well two-level atoms or three—le\_/el atoms, a_nd also give out t_he
known effect of vacuum field Rabi splittingl9,2] (i.e., a role of the slab itself. The final conclusion can be found in
splitting of the resonance into two resonandssa result of Sec. IV.
the strong-coupling interaction between atom and cavity. Us-
ing this effect, Mangaet al. [18] recently showed a way to Il. PULSE PROPAGATION IN A SLAB
control the pulse propagation in a cavity with silver mirrors
containing resonant absorbing atoms. In fact, in their paper As we know, a light puls&(z,t) can be decomposed into
the cavity mode is modified by the resonant absorbing atom&n integral of its Fourier component(z, ») given by
therefore the transmitted pulse propagation can be controlled(z,t)= [E(z,w)e"“'dw. We suppose a pulse be normally
from subluminal to superluminal by adjusting atomic density.propagating into a slab iz direction (the slab is inx-y
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refractive index of the slab with(w) the dielectric function. e, (MHz) Time (us)

We have assumed the material of the slab is honmagnetic. . .

Then f the t f i théau btain th FIG. 1. For the slabs doped with the absorptive two-level atoms,
an .rom eff.r"?‘”s er ma} ”r)l( meth¢ r}’we C.ano ain E reflectivity and transmittivity versus frequency under different

reflection coefficient(w) of the monochromatic wave as the slab's thicknesses(a) d= 2mNg/4\Vey) and (0) d=(2m+1)

following: X (No/ 4 &), respectively. In@) and(c), the dashed line represents
the spectrum of the incident pulse. Figur@s and (d) show the

. | @ reflected and transmitted pulses in time domain under the condition
ifn(w) = 1n(w)]sin —n(w)d (@) and (c), respectively. In(b) and (d), the gray line is the input
C pulse, and the dashed line is the transmitted pulse, and the black
rw)= , solid line denotes the reflected pulse. All the pulse shapes have been
w w normalized. The other parameters of the slabshre-10 Hz and
2 cog —n(w)d | = i[n(w) + 1n(w)]sin —n(w)d y=0.5 MHz,m=1.2x 1%, and\, is corresponding ta,.
C C

the narrow spectral pulgR4,25, the group delay time can
2 be defined from the peak timé&¥; 3 of the transmitted and
reflected pulse(i.e., the SubSCI’Ip'l’ denotes the reflected
pulse and the subscriptdenotes the transmitted pujsand
2 the peak tlmeTpeak are equivalent to the phase time delay
t(w) = ] defined asn,t—acz)ryt/aw [1,28,29 (where ¢, ; are the phases
of the reflection and transmission coefficienisy) andt(w),
respectively [i.e., r(w)=|r(w)|lexdi¢(w)] and t(w)
=|t(w)|exdi¢(w)] ]). From the shapes of the reflected and
transmitted pulse, we can obtain the peak tir?ﬁ%?kof the
(3 result pulses.
Here we consider the behaviors of both the reflected and
transmitted pulses from the slab. For the reflected pulse,
TPeak<0 means the superluminal pulse reflection; for the

Ey(d, »)=t(w)E(0,w), where the subscripts,” “t,” and transmltted pulseTP*¥< d/c means the superluminal pulse
denote the reflected field, the transmitted field and the 'nctransmlssmn

dent field, respectively, we can obtain the reflected and trans-
mitted pulses given by Ill. NUMERICAL RESULT AND DISCUSSION

and its transmission coefficietw) is given by

2 co$ —N(w)d | —i[n(w) + 1/n(w)]sin| —n(w)d
c c

Using the relations between the reflect@m transmittegl
field and the input field, i.e.E(0,w)=r(w)E;(0,w) and

ot Let us consider that the incident pulse is a Gaussian pulse
E(0.0)= | E(0,0)e"do, (4)  at the surface of the slab in the plaze0. The electric field
of the Gaussian pulse at the incident surface is expressed as

2

E(d,t) = f E/(d,0)e " “'dw, (5) Ei(0,1) =Aoexp[- Zt—TZ}GXF{— iwot] (6)
0

respectively. Thus, we can obtain the result pulses from Eq@ind its Fourier spectrum is given byE(0,w)

(4) and(5). In the present paper, the spectrum of the incident (1oAq/ 2\ m)exd - (w—wp)?/2]. Here 7y is the temporal
pulse, shown by the dashed curve in Figa)lis chosen width of the Gaussian pulse, amg is the center frequency.
sufficiently narrow so that the pulse distortion is very smallin the following numerical calculations, we take,=2m

and negligible in our calculation of the peak arriving time. X 10'4 Hz, and pulse temporal width,=20 us.

We also assume that the incident pulse is an analytic wave The slab to be considered here is composed of a constant
form such as a Gaussian pulse for example. In the limit oflielectric material doped by two-level or three-level atoms,
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and then the dielectric functiog{w) can be divided into two lossless system. For example, in passive one-dimensional
parts and written as(w)=¢,+x(w), Where g, is the back- photonic crystals used for the optical tunneling experiments
ground dielectric constaritve takee,=4.0 in all our calcu- [4,5,7,4, the transmitted pulse can be superlumipiaé time
lations) and y(w) is the susceptibility produced by the doped delay is positive but much shorter than that of light passing
atoms. In the following, we will discuss the propagation of through the same distance vacuuand at the same time the
the pulse reflection and transmission from the slabs dopetgflected pulse is sublumingbecause the phase time of the

with two different atoms. reflected pulse is also positiveln asymmetric 1D PBGs
[11-13, the reflected pulse is superluminal while the trans-
A. A slab with two-level atoms mitted pulse is subluminal. Here we can obtain both the

. . . transmitted and reflected pulses to be superlunseg Figs.
F|r§t we COI’ISIde.I’ 'the slab is doped by two-level atoms1(c) and Xd)]. By adjusting the thickness of the slab, we can
The linear susceptibility produced by the two-level atoms,is, control the behavior of the reflected pulse from sublu-
can be written as minal to superluminafor from superluminal to sublumingl
In Ref. [18], the coupling interaction between the cavity’s
(7) resonance and the atomic resonant absorption is so strong
that the transmission resonance is splitted into two reso-
whereM is proportional to the oscillator strength dependingnances by increasing the atomic dengitg., increasing the
on the transition dipole moment and the density of the two-absolute value oM). In their cases, although they control
level atoms(M >0 means the gain two-level atomg,<0  the transmitted pulse from subluminal to superluminal and
means the absorptive two-level atoiig28]), and v is the  control the reflected pulse from superluminal to subluminal,
phenomenological linewidth. they have not obtained both the superluminal pulse reflection
For an absorptive mediurfM <0), there is always a dip and superluminal pulse transmission simultaneously. In our
in the curve of the transmission versus frequency for any slagase, due to that we include the case of the off-resonance
length due to the absorption of the medium, and conseeffect of the slab whed=(2m+1)(\o/4V¢p), the reflectivity
quently the propagation of the transmitted pulse, whose spe©f the doped slab has a dramatic change. This leads to a
trum is within the absorptive resonant region, is always suiransition from subluminal to superluminal for the reflected
perluminal[28]. However, the curve of the reflectivity versus pulse.
frequency is very sensitively dependent on the thickness of In Fig. 2, we plot the reflectivitya) and transmittivity(b)
the slab. In Figs. (8 and Xc), we show that the spectral versus frequency and the thickness. From Fi@),2ve can
reflectivity and transmittivity for the slab doped with the find that there is a peak in the spectral reflectivity when the
absorptive two-level atomgM <0) under different thick- optical thicknessL=v¢,d of the slab is equal to an even
nesses(i) d=2m(\o/4Ve,) and (i) d=(2m+1)(\o/4Vey); number of\y/4 and there is always a dip when the optical
herem is a integer number. The curves of the transmittivity thicknessL is an odd number ohy/4. Therefore we can
always have a dip near the center frequengyn these two  change the pulse reflection from subluminal to superluminal
cases, so that the propagations of the transmitted pulses @i vice versus by adjusting the thicknesef the slab(which
these two case are always superlumisale the dashed lines is also equivalent to changing the background dielectric con-
in Figs. 4b) and 1d)]. Because the effect of the slab itself Stantep). While for the transmittivity of the doped slab, there
only slightly change the transmission coefficient, the pealts always a dip due to the absorption of the medisee Fig.
times of the transmitted pulses in these two case are, respedb)]. Therefore, it must be superluminal pulse transmission.
tively, about -688 ns and -540 nsnuch earlier than the In Ref.[18], the authors changed the atomic density to make
peak time of the incident pulseBut the reflectivity curves the resonance of the cavity splitting into two resonances,
for these two cases are completely different from each othethen control the pulse propagation. We do not need to change
From Fig. 1, we find that, for the cagb, there is a peak in the density of the doped atoms, and only need to change the
the spectral reflective curve; while for the caig there isa thicknessd or the background dielectric constagtto con-
dip. Therefore, we have a subluminal pulse reflection in thdrol the pulse propagation.
case(i), and a superluminal pulse reflection in the caiseA Now let’s turn to consider the cases of the slab doped with
numerical example is shown in Figs(b} and Xd) (see the the gain two-level atom&M >0) under different thicknesses
black solid ling. In the casgi), the peak time of the reflected (i) d=2m(\o/4V€,) and(ii) d=(2m+1)(\y/4Ve,). Due to the
pulse is about +1353 n&ubluminaj; in the case(ii), the  gain medium(M >0), there is a peak in both the reflection
peak time of the reflected pulse is about —36Qsuperlumi-  and transmission coefficienfsee Figs. @) and 3c)], the
nal). So there is a transition from the subluminal to the su-reflected and transmitted pulses are both sublumjeaé
perluminal for the reflected pulse by changing the slab’'sFigs. 3b) and 3c)]. The peak times are +2967 ns and
thickness. The energy in the reflected pulse over the energ¥924 ns in the casegi) for the reflected and transmitted
of the incident pulse is increased from 2.7% in the d@s®  pulses, respectively. The peak times are +584 ns and +403 ns
23.3% in the casdii). Therefore, in the caséi) it gives in the casqii) for the reflected and transmitted pulses, re-
more energy into the reflected pulse. Here we would like taspectively. The peak delay time for the reflected pulse in case
point out that, we find thaboth the transmitted and reflected (i) is much longer than that in cagg). The energy of the
pulses can be superluminathich is different from the pre- reflected pulse over the incident energy is increased from
vious investigations[4,5,7,8,11,1%# in a one-dimensional 13.4% in cas€i) to 62.7% in cas€ii). Therefore, as the

w)=—_,
x(w) o—wgtiy
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the spectrum of the incident pulse. Figur@s and (d) show the
reflected and transmitted pulses in time domain under the condition
(a) and (c), respectively. In(b) and (d), the gray line is the input
pulse, and the dashed line is the transmitted pulse, and the black
solid line denotes the reflected pulse. All the pulse shapes have been
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tors. It describes a three-level system with two closely placed
Raman gain peakf®,30. Here we assumi#l,;=M,=M for
simplicity and consider the two situations with<0 for the
absorptive slab anil >0 for the gain slab. For the gain slab
system, our study is the extension of the previous investiga-
\xl) tions [9,30] with the two boundariegwhich form a finite
cavity in z direction) being now taken into account. From the
ﬂlo 4§ above discussion, we know that there must be some new
0-5%) properties that have not been seen in the previous investiga-
( ) tions.
In Fig. 4, we show the cases fol <0 under the two
FIG. 2. For the slabs doped with the absorptive two-level atomsdifferent thicknessesi) d=2m(\o/4ve,) and (i) d=(2m
(a) reflectivity and (b) transmittivity as a function of frequency +1)(A\o/4Ve,). As shown in Fig. 4a), the frequency region
under different slab’s thickness. Hebe= \e,(d—-dg) anddy=3 cm.  near the center frequenay, is normal dispersive, and then
The other parameters are the same with Fig. 1. the transmitted pulse is subluminal. The peak time of the
transmitted pulse is about +184 fsee Fig. 4b)]. In Fig.
thickness of the slab is changed, we can easily increase thga), it is found that the spectral reflective curve has a dip at
reflectivity and obtain much more energy of the reflectedihe frequency region near the center frequengy There-
pulse than that in casg) [see Figs. @) and 3c)]. In both  fore, in this case, the reflected pulse is superluminal with the
these case, we can obtain the subluminal pulse reflection arbak advancement afea'&_857_7 ngsee Fig. 4b)]. But if
the subluminal pulse transmission simultaneously and conye change the thickness of the slab ky/4\e, [for case
trol the reflected and transmitted behaviors of a pulse. (||)]’ the reflective curve is Comp|ete|y different from case
(i). In this casdii), see Fig. 4c), we find that both the trans-
mittivity and reflectivity are normal dispersive around the

Now we consider the reflection and transmission of acenter frequency, thus both the transmitted and reflected

bility of the three-level atoms is a form of double Lorentz - ;132 1 ns andTP®¥= +108.8 ns, respectivelysee Fig.

B. A slab with three-level atoms

oscillators, 4(d)]. Therefore, the propagation of the reflected pulse can
M, M, be controlled from the superluminal to subluminal by adjust-

= + , 8 i i iti .

x() o—wo—Atiy w-wgtAtiy (8) ing the thicknessl of the slab. In addition, the energy per

centage of the reflected pulse over the incident pulse energy
where A is the frequency detunning, ard, and M, are, is increased from 0.87% for the cag¢ to 28.8% for the
respectively, proportional to the strength of the two oscilla-case(ii).
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FIG. 4. For the slabs doped with the absorptive three-level at-
oms, reflectivity and transmittivity versus frequency under different
slab's  thicknesses(a) d=2m()\0/4\s’:b) and (c) d=(2m+1)
X(No/4ep), respectively. In@ and(c), the dashed line represents  FIG. 6. The reflectivity versus frequency and thickness for the
the spectrum of the incident pulse. Figur@s and (d) show the  slab without the doped atoms. Hee=ve,(d—do) anddy=3.0 cm.
reflected and transmitted pulses in time domain under the condition
(a) and (c), respectively. In(b) and (d), the gray line is the input . —
pulse, and the dashed line is the transmitted pulse, and the blaéﬁltt_le_gefdIfgioarzenasls:nggggvg_qujgsgﬁagig?i' n Ct‘;is_e
solid line denotes the reflected pulse. All the pulse shapes have beé P heakl r peak_ g g- X ).)’
normalized. The other parameters of the slabshre-10 Hz, A N case(ii), T;"=-114.8 ns a_nd'r =—138.0 ng[see Fig.
=0.9 MHz andy=0.5 MHz, m=1.2x 1(P. 5(d)]. From the_se data, we find that the peak time of the

reflected pulse is changed much larger than that of the trans-

In Fig. 5, we plot the cases fovl >0 under the different mitted pulse. Comparing Figs(& with 5(c), we find that the
thicknesses (i) d=2m(\o/4Ve,) and (i) d=(2m+1) reflectivity is increased by a large amount from 1.8% to
X (\o/4\ep). From these figures, we can find that these two?6-3% when the thickness of the slab is changed from the
cases are similar except that the background reflectivity ang@se(i) to the casd(i). Thus we can obtain large amount
background transmittivity far away from the center fre- €Nergy in the reflected pulse.
quency are very different from each other. The propagations
of the pulse reflection and transmission both are superlumi- C. The role of the slab
nal in these two cases. The shapes of the reflected and trans- |, order to understand the role of the slab itself, we con-
sider the slab without the doping atoms. Fat

4
23_ zz / ] ’ \ ] ;g% =2m(\o/4\e,), the slab itself is on resonance near the center
' - [° J i L1062 frequencywy; and for d=(2m+1)(\y/4Ve,) it is off reso-

e %21 S e 104 nance. Due to that the absorbing liger gain ling of the
01— i 10 Jo2'g doped atoms is extremely narrower than the resonant and
00l@ L ¥ A Tos B4 N 008 off-resonant spectral width of the slab itself, the reflectivity

4 2 0 2 4 60 -40 20 0 20 40 60 o .

e s e tiees vt dopancs on i o
08 1o /\ 1 0-898_, thickness(see Fig. 6 for the reflectivity; it is nearly a con-
i B8 -/AV\\-O,E; " i g-ié stant under a fixed thickness; not shown for the transmittiv-
el L0.6 1025 |'Fy). For th_e_opthal thicknesis= v e,d=2m(\q/4), the reflec-
o.4_(c') SN Tos O/ N - tion coefficient is al_most equal to zero; under the off-

4 2 0 2 4 60-40-20 0 20 40 60 < resonant caseL=vVed=(2m+1)(\y/4), the reflection

o, (MHz) Time (us) coefficient is increased to another constant. In these two
cases without the doping atoms, there are no superluminal
phenomena at all. Comparing Figia2with Fig. 6, we find
that the reflectivity of the doped slab has a large change for
X (\g/4Vey), respectively. INa) and(c), the dashed line represents dl_fferent slab thickness; whlle_ the transmittivity has only a
the spectrum of the incident pulse. Figur@s and (d) show the sI_|ght qhange. When the slab itself sat|sf|e§ _the rgsonant con-
reflected and transmitted pulses in time domain under the conditiofition [i-e.,L=2m(Ao/4)], the resonant condition will be bro-

(@ and (c), respectively. In(b) and (d), the gray line is the input ken because of the atoms doping into the slab. Thus the
pulse, and the dashed line is the transmitted pulse, and the bladeflectivity near the absorbingor gain line of the doped
solid line denotes the reflected pulse. All the pulse shapes have be&tioms will be increasefsee Fig. 1a), 3(a), 4(a), and %a)].
normalized. The other parameters of the slabs Mrel0 Hz, A When the slab itself satisfies the off-resonant condifian,

=0.9 MHz andy=0.5 MHz, m=1.2x 10°. L=(2m+1)(\o/4)], the slab itself dominates in the frequency

FIG. 5. For the slabs doped with the gainverted three-level
atoms, reflectivity and transmittivity versus frequency under differ-
ent slab’s thicknessesa) d=2m(\y/4\e,) and (c) d=(2m+1)
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region out of the absorbingr gain line of the doped atoms; Iluminal. For the gain slab doped with inverted three-level
near or within the frequency region of the absorbifiy  atoms, both the reflected and transmitted pulses are always
gain) line of the doped atoms, the property of the dopedsuperluminal. It should be pointed out that Manga Raal.
atoms dominates the reflection and transmission. [17] only consider the case of the resonance of the cauity
slab (i.e., wcaity = wo, Wherewc,,iry is the resonant frequency
of the cavity. Our mechanism to control the pulse propaga-
IV. CONCLUSIONS tion from subluminal to superluminal in slab systems is dif-

We have investigated the propagation properties of a lighferent from Ref[17]. By changing the thickness of the slab
pulse incident into the slab systems doped with two-levell-€-» changing the resonant condition of the slabthe cav-
atoms or three-level atoms. The doped atoms can be passilf¥)]: We can control the pulse reflection from the superlumi-
(absorptive or active (gain). Our numerical results show Nal to subluminal or vice versa. _
that, with doped absorptive two-level atoms, the transmitted " this paper, we present a simple method to achieve su-
pulse is always superluming28], but the reflected pulse can perluminal reflection and superluminal transmission simulta-
be subluminal or superluminal depending on the thickness df€ously in the slab systems doped with the absorbing two-
the slab. When the slab’s thicknesis (2m+1)(\o/ 41ey) level atoms and doped with the inverted three-level atoms.

both the reflected and transmitted pulses are superluminal "€ reflected pulse can be controlled from superluminal to
subluminal in the slab doped with the absorbing two-level

For the gain slab doped with the inverted two-level atoms, he absorbi hree-level by chanai h
both the reflected and transmitted pulse are always sublumfiloms or the absorbing three-level atoms, by changing the

nal; no superluminal phenomena occur even the thickness gfnckness or the background dielectric constéing., the

the slab is changed. For the slab doped with absorptive thre@ackground refraction indgsof the slab.

level atoms, the transmitted pulse is always subluminal;
while for the reflected pulse, it is dependent on the condition
of the slab: when the thicknessis equal to 2n(\o/4\ep), This work was supported by RGC and CA02/03.SC01
the reflected pulse is superluminal; when the thickness of thfrom the Government of Hong Kong, and FRG from Hong
slab is equal tg2m+1)(\o/4\¢p), the reflected pulse is sub- Kong Baptist University.
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