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Slow-light-induced interference with stacked
optical precursors for square input pulses
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We theoretically study the stacked optical transients generated from a series of square pulses passing
through a cold atomic ensemble. Using the hybrid analysis and fast Fourier transform, we identify the
stacked coherent transients [Europhys. Lett. 4, 47 (1987)] as optical precursors. With slow-light and elec-
tromagnetically induced transparency, we obtain nearly 700% transmitted intensity at the transient spikes
resulting from the interference between the delayed main field and the stacked optical precursors.
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Optical precursors [1,2] in anomalously dispersive
media, analogous to coherent transients [3,4], re-
cently have been of great interest owing to their non-
decaying properties [5] as well as their instantaneous
speed of light in vacuum c. Analogy between optical
precursors and coherent transients was noticed by
Varoquaux et al. [6] by using time-domain analysis.
However, the analogy was not accepted by both com-
munities of optical precursors [2] and coherent tran-
sients [3,4], because the conventional concept of opti-
cal precursors was established based on strongly
dispersive far-off resonance condition [1,2].

Recent experimental study of optical precursors in
cold atoms [5] has triggered unifying both concepts
[7,8] to include phenomena such as resonantly fil-
tered gamma-ray [9] and small-area (07) pulses [10].
Motivated by the observation of precursory spikes at
the leading edge of biphoton correlation with electro-
magnetically induced transparency (EIT) [11,12], the
classical step-on pulse transmission in EIT medium
has been studied theoretically [13,14]. Most recently,
observation of optical precursors at both rising and
falling edges of a square pulse passing through an
EIT system has been reported [15]. Combining EIT
and optical precursors makes it possible to control
the delay between precursors and main signal for the
application of active optical devices.

In coherent transients, one of the interesting ef-
fects is the stacking of the coherent transients by
Segard et al. [4]. About 300% output with respect to
the input intensity was achieved by sending a series
of square pulses through an optically thick single
Lorentz-line medium. Stacking of coherent tran-
sients at edges results in output peaks larger than
the input intensity [4]. In their early works [4,16],
however, the possibility of optical precursors had
been excluded until recently [14].

In this Letter, we first identify, in a two-level sys-
tem, Segard’s coherent stacks [4] as the stack of
Sommerfeld-Brillouin precursors at the rising and
falling edges of square pulses using the asymptotic
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saddle-point method. In an optically thick EIT me-
dium, we take the hybrid method to describe the rel-
evant main signal and precursors [13]. The hybrid
method for a Heaviside step-on modulated incident
pulse O(¢) is modified to describe a step-off modu-
lated pulse O(-¢). The result shows how the delayed
main signal (slow light) interferes with the tran-
sients (precursors) when the steady external laser
beam is suddenly turned off. The transient peak in-
tensity turns out to be 180% with respect to the input
intensity. The schematic illustration of pulse propa-
gation is shown in Fig. 1, where the on-resonance
coupling laser between the transition |2)«|3) ren-
ders a narrow transparency window on the pulse car-
rier frequency w, that is on resonance of the transi-
tion |1)—|3), wy. Finally, we extend the single-square
pulse to multisquare pulses and obtain 700% output
peak transmission in the EIT medium.

The linear susceptibility of the EIT medium is
given in Eq. (1) of [13] as

cay 4(A + 1512)5
x(w) = — (1)

where A=w-w, is the probe laser angular frequency
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Fig. 1. (Color online) Illustration of a step-off or square
pulse propagation through an EIT medium. The carrier fre-
quency of the incident pulse w,=wy is on resonance of the
transition |1)—|3). The coupling laser (w,) is on resonance

of the transition |2) —|3) with a Rabi frequency of Q..
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Fig. 2.
total intensity at the falling edge of a step-off input pulse.

X3 MHz is half of the natural linewidth, &,
=0.0056 is the dephasing rate between the two
ground levels, and ,=4.206 is the coupling laser
Rabi frequency. The integral form of the transmitted
pulse is given in Eq. (2) of [13]. The initial weak
probe pulse is given as E,(0,t)=E 0(xt)e™*“»' where
“+” stands for the step-on pulse with a rising edge
and “—” stands for the step-off pulse. Their frequency
spectrums is E,(0,A)/Ey=+i/A+7w8(A). This allows
us to directly apply the hybrid-asymptotic analysis in
[13] to obtain the precursors for the step-off pulse by
multiplying a factor of —1 to that for the step-on
pulse. Thus the total Sommerfeld—Brillouin precur-
sor for the step pulse can be obtained from Eqs. (5)
and (6) of [13], and approximated as a Bessel function
[15,17] explaining oscillatory patterns in insets of
Figs. 2 and 3:

Esps(2,8) = £ EoJo(y2a0257)0(n)e™ e Fome0? - (2)

where 7=t—-z/c and ky=wg/c.
To avoid the singularity of E_(0,A) at A=0, we ex-
press the main field E;,_(z,¢) for the step-off pulse as
a convolution of the input pulse and the Green func-
tion Ggrr(z,t) of the EIT window [wg—A,, wy+A,] [13]:
0
Ggrr(z,t - 7)dr,

Ey (z,0) = Eof 3)

where A, <./2 is the full width of the EIT window.
With EIT slow-light effect, the main field is delayed
and E;;_(z,t) can be approximated as a constant field
within the time when the precursors occur [15].

The normalized intensities of total precursors
|Egp_(z,t)>/E2 and the main signal |Ey,_(z,¢)|*/E2 are
shown in Fig. 2(a). Figure 2(b) shows the total inten-
sity |[E_(z,t)|?/E3=|Ey_(2,t) +Egp_(z,t)|*/E2. The fall-
ing edge of the main field is delayed by about 300 ns
owing to the EIT slow-light effect. The interference
between the main and precursor fields leads to
damped oscillation with a normalized peak intensity
of 180% and a decay time of 1/5=52 ns.

Transmission of a square input pulse E,(0,?)
=E)[0)-0O(t-1)le”*!, is given by E(z,t)
—ESB (z t)+EM (2 t), where ESB (z,t)=Egp,(z,t)
-Egp,(z,t-m) and Ey_(z,0)=Ey.(2,8)~Ey, (2,0 -7,
Figure 3 shows the normalized total transmission in-
tensity compared with fast Fourier transform (FFT)
simulations. The oscillatory pattern at the falling
edge is identical to the Bessel function oscillatory
pattern that appeared in a step-off pulse [Fig. 2(b)].
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(Color online) Normalized intensities of (a) total precursors (solid curve) and the main signal (dashed curve) and (b)

The slow-light induced interference at the falling
edge is identical to the case for the step-off input
pulse.

By using Eqgs. (2) and (3), we first evaluate the
maximum value of the stacked ou_tput for the input
pulse E(0, ::)/E0 Ot)+0O(t— 7o) +21=2(=1)'O(t — 7o +1;),
where ¢; —jl i/ (2apz ) and j, ; is the ith zero of J;(x) by
cons1der1ng the 0sc111atory pattern of precursors as
originally discussed in [4]:

ESBstack(Z’t) = ESB“’(Z’t) + ESB+(Zat - TO)

i=5
+2 (- 1)Egp,(z,t -1 +2), (4)
i=1
2 T0~t2k
Ey, (20 =Ey> Gpr(z,t - dr
k=1 J 7o~to},_1
T0—t5 ©
+E0<f +f )GEIT(Z,t—T)dT
0 0
(5)
Estack(zat) = ESBstack(Z’t) + EMstack(Z’t) . (6)

We note that, in the EIT medium, the maximum in-
tensity from stacked coherence occurs at the step-on
edge t=7, where the precursor is in phase with the
delayed main field. For comparison, we show the
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Fig. 3. (Color online) Normalized total intensities com-

posed of optical precursors and delayed main signal in an
EIT medium. Input square pulse E(0,¢) is given as a solid
line (shifted by —1.2). Hybrid analysis [Eqgs. (2) and (3),
solid curves (blue online)] is compared with FFT (dashed
curves).
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stacked optical transient responses from both two-
level and EIT systems in Fig. 4. As shown in Fig. 4(a),
a peak transmission larger than unity (300%) is pos-
sible in the two-level system. In the EIT case, the
constructive interference between the transient
(8300%) and delayed main field (93%) leads to a 700%
intensity peak. The solid curves (blue online), ob-
tained using the hybrid-asymptotic method [Egs.
(4)—(6)], display nearly identical features as that from
FFT except for slightly different peak values result-
ing from the approximation of the hybrid analysis.
Therefore, we identify that the stacked transients [4]
are indeed an interference of optical precursors from
different rising and falling edges. The dashed curves
are obtained using FFT with a time resolution of
50 ps. Owing to the nature of FFT process, the 50 ps
time resolution simulates a finite rise and fall time of
50 ps, and thus a bandwidth of 20 GHz that is com-
mercially available. For the parameters given in this
Letter, the optical transients generated from the
square pulses with 50 ps rise (fall) time haven been
very close to that from ideal square pulses, because
there is no significant difference as we reduce the rise
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Fig. 4. (Color online) Normalized total intensities com-

posed of a stack of optical precursors and delayed main sig-
nal for the case of (a) two-level (2,=0) and (b) EIT medium
(2,=4.268). The series of square pulses as input E(0,?) is
given as a solid line (shifted by —1.2). The hybrid analysis
[Eqgs. (4)—(6), solid curves (blue online)] is compared with
FFT (dashed curves).

time from 50 psto 5 ps. In a real situation, pulse
generator and electronics also give rise to finite band-
width. Thus the theoretical prediction should be as-
sociated with the low-pass filter as used in [5].

We have studied optical precursors generated from
step-on, step-off and square pulses in an EIT system.
The long-lived oscillatory tail over 100 ns time at the
falling edge results from the interference between
the precursor and main field. We further extend the
single square input pulse to a series of square pulses
and obtain about 700% peak transmission in the
stacked optical transients. The agreement between
FFT and hybrid-asymptotic methods confirms that
the stack of coherent transients introduced by Segard
et al. [4] is identified as the stack of optical precur-
sors occurring at the rising and falling edges of
square pulses.

The authors acknowledge the valuable suggestions
from the reviewers.
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