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Direct Observation of Optical Precursors in a Region of Anomalous Dispersion
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We create optical precursors by propagating a step-modulated optical pulse through a linear resonant
dielectric absorber. The field emerging from the dielectric consists of a several-nanosecond-long spike
with near 100% transmission, which decays to a constant value expected from Beer’s law. This high-
transmission spike might be useful for imaging applications requiring penetrating optical radiation. We
compare our observations to two different theories, revealing that the spike consists of both the
Sommerfeld and Brillouin precursors.
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The propagation of classical electromagnetic fields
through a dispersive medium has received renewed interest
with the advent of techniques for tailoring the dispersion of
materials. For example, it is now possible to achieve an
exceedingly slow or fast group velocity �g using coherent
optical methods [1]. Fast light is the situation when �g
exceeds the speed of light in vacuum c or takes on negative
values, and occurs when the derivative of the refractive
index with respect to frequency is negative at the pulse
carrier frequency !c (anomalous dispersion). Fast light
gives rise to questions about the information velocity [2]
and its connection to optical precursors, the transient be-
havior of the propagated field resulting from a discontinu-
ity in the wave form or one of its derivatives. Besides these
fundamental considerations, it has been suggested that
precursors can penetrate deeper into a material [3], which
may be of use in underwater communications [4] or imag-
ing through biological tissue [5]. However, the nature of
precursors is still controversial in that some researchers
believe that precursors do not exist [3,6].

The purpose of this Letter is twofold. One is to report the
first direct measurement of optical precursors occurring
when a step-modulated laser beam propagates through a
linear dispersive medium (consisting of a gas of cold
potassium atoms) in a region of anomalous dispersion.
We are able to directly observe optical precursors using
standard experimental apparatus because the precursor
duration is related to the inverse of the resonance width
[3], which is narrow for this medium. We find that the part
of the field immediately following the initial turn-on is
propagated through the medium with essentially 100%
transmission; the later part of the field after the transient
decays to the value expected from Beer’s law.

We also compare our observations to two different theo-
ries. One is based on an asymptotic analysis of the optical
wave equation and a classical model of the dielectric. From
this analysis, we identify features of the experimentally
observed propagated field that correspond to the precur-
sors. The other theory is based on an analytic solution of
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the equations under the assumption of slowly varying fields
and dipole moments, an approach commonly used by the
quantum optics community [7]. Both theories correctly
predict the initial high-transmission portion of the trans-
mitted field.

Background.—Sommerfeld and Brillouin first discussed
optical precursors when they studied a step-modulated
field propagating through a classical Lorentz dielectric
[8,9] consisting of a collection of damped harmonic oscil-
lators. The frequency-dependent complex refractive index
for this medium is n�!�� �1�!2

p=�!
2�!2

0�2i!���1=2,
where !0 is the oscillator’s resonance frequency, � is the
resonance half-width at half maximum, and the strength of
the resonance is quantified by the plasma frequency !p,
which is related to the line-center absorption coefficient by
�0 � !2

p=2�c. Sommerfeld and Brillouin used asymptotic
methods in their analysis because there is no known ana-
lytic solution to this problem. They showed that the
‘‘front’’ of the pulse (where the field suddenly turns on)
travels precisely at c [8], thereby proving that signals
propagate in a relativistically causal manner. After the
front, the pulse breaks up into two small wave packets
followed by a large wave packet (the ‘‘main signal’’). The
first (second) small packet is known as the Sommerfeld
(Brillouin) precursor, which arises from the spectral com-
ponents of the incident pulse above (below) the resonance
and is predicted to have maximum intensity of 10�7 (10�4)
of the eventual main signal intensity.

Several researchers have identified mistakes in this early
work, as reviewed by Oughstun and Sherman [3]. Most
notable is the prediction that the precursors are much larger
than previously thought; their amplitude can be similar to
or larger than the amplitude of the main signal. On the
other hand, it is generally believed that they are a strictly
ultrafast phenomena, lasting for only a few optical cycles
and hence requiring indirect detection methods. This con-
clusion, however, is based on the fact that the theories have
only been evaluated for a medium with a broad resonance.
Precursor-like behavior created when an electromagnetic
1-1 © 2006 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.96.143901


PRL 96, 143901 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
14 APRIL 2006
field propagates through a variety of media has been ob-
served [4,10–12], but none have made a quantitative com-
parison with the modern asymptotic theory [3] for a
resonant dielectric in a region of anomalous dispersion.

Experiments.—To measure directly optical precursors,
we prepare a dielectric medium consisting of a cloud of
cold potassium (39K) atoms generated in a vapor-cell
magneto-optic trap, as shown in Fig. 1(a). The atoms are
illuminated by trapping and repumping lasers tuned to the
4S1=2 $ 4P3=2 transition resulting in a cloud that has a
temperature of�400 �K, a diameter of�1–2 mm (which
we take to be the length L of the medium), and an atomic
number density of �1:2	 1010 cm�3. The repumping
beam is repeatedly switched off for 20 �s and turned
back on for 80 �s. While the repumping beam is off, the
potassium atoms are optically pumped into the 4S1=2 (F �
1) hyperfine level (�90% efficiency) by the trapping beam.

The optical precursor experiment is conducted on the
4S1=2�F � 1� $ 4P1=2�F � 2� transition (transition wave-
length 770 nm) after the optical pumping phase of the
experiment is completed. The transition is well separated
from the other potassium optical transitions so that we are
interacting essentially with a single resonance (resonance
frequency !0). Hence, the gas of atoms behave like a
single-resonance Lorentz dielectric. To determine � and
!p (which we recall is related to �0), we measure the
frequency-dependent steady-state transmission (output in-
tensity/input intensity) of the gas using a very weak probe
laser beam. We observe a Lorentzian-like resonance of
width 2�=2�� 9:6 MHz, which is broader than the
6 MHz natural linewidth due to residual Doppler broad-
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FIG. 1. Direct observation of optical precursors. (a) Experi-
mental setup. (b) Experimentally observed optical transmission
through the cloud of atoms (solid line). Dots are predicted by
Eq. (5) with no adjustable parameters.
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ening and Zeeman shifts. We determine the line-center
absorption coefficient through Beer’s law: T �
exp���0L�, where T is the line-center steady-state trans-
mission of the probe beam. By changing the trapping
conditions, we adjust the atomic number density and
propagation length to obtain two different experimental
conditions, one resulting in T � 0:66 (corresponding to
L � 0:12 cm, �0 � 3:41 cm�1, �0L � 0:41, and !p �

2:48	 109 s�1) and another leading to T � 0:36 (corre-
sponding to L � 0:20 cm, �0 � 5:14 cm�1, �0L � 1:03,
and !p � 3:05	 109 s�1). Both of these experimental
situations give rise to fast light when !c � !0, for which
�g=c ’ �1� 0:25!2

p=�
2��1 � �1� 0:5�0c=��

�1, giving
�g=c � �5:9	 10�4 for �0 � 3:41 cm�1, and �3:9	
10�4 for �0 � 5:14 cm�1.

A step-modulated field is created by passing a weak
continuous-wave laser (frequency !c) through a 20 GHz
bandwidth Mach-Zehnder modulator (MZM, EOSpace,
Inc.) driven by an electronic edge generator (Data Dy-
namics, Model 5113) whose edge is steepened using a
back recovery diode (Stanford Research Systems, Model
DG535). The peak intensity of the pulse is�64 �W=cm2,
which is much less than the saturation intensity of the
transition (�3 mW=cm2). The pulse is detected with a
fast-rise-time (0.78 ns) photomultiplier tube (PMT,
Hamamatsu, Model H6780-20) and the resulting electrical
signal is measured with a 1 GHz analog-bandwidth digital
oscilloscope (Tektronix, Model TDS 680B). In the absence
of the atoms, we measure an edge rise time (10%–90%) of
�1:7 ns for our complete system, corresponding to a
bandwidth of�206 MHz. This time is short in comparison
to the expected duration of the precursors so that our finite-
rise-time experimental results should be similar to that
predicted by the theory, which assumes instantaneous-
response components [3].

Results.—Figure 1(b) shows the temporal evolution of
the step-modulated pulse propagating through the cloud of
atoms for the case of different absorption path lengths �0L
and the case when !c � !0, where the dispersion is
anomalous. For moderate absorption (�0L � 0:41), the
pulse intensity rises immediately to �95% of the incident
pulse height and then decays to the steady-state value
expected from Beer’s law. As discussed below, the initial
high-transmission transient spike is made up of both the
Sommerfeld and Brillouin precursors. The time scale of the
transient spike, defined as the time from the initial turn-on
to the 1=e decay of the precursors, is found to be �32 ns.
For the maximum absorption path length (�0L � 1:03),
the initial transmission also reaches �95%, decays more
rapidly (�16 ns), and reaches the steady-state value ex-
pected from Beer’s law.

It is important to realize that the transient spike observed
in our experiment is not a nonlinear optical phenomenon,
such as an optical nutation. We work with extremely weak
pulses and we have verified that our observations are
conducted in the linear-optics regime.
1-2
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We also see from Fig. 1(b) that the leading edge of all the
pulses occur at the same time. This observation is consis-
tent with Sommerfeld’s prediction that the pulse front
propagates at c. If the group velocity predicted the speed
of the pulse front, we would have expected that the leading
edge would be advanced by 6.8 ns for the case when�0L �
0:41 and 17.0 ns for �0L � 1:03. Thus, our experiment is
consistent with relativistically causal information propa-
gation in a region of anomalous dispersion [2].

Analysis: Asymptotic theory.—To determine which part
of the observed signals correspond to the precursors, we
evaluate the asymptotic analysis presented in Ref. [3] for
our experimental conditions. In this analysis, the incident
beam is taken as a step-modulated sinusoidal electric field
of the form Ein�z � 0; t� � E0��t� sin�!ct�, where ��t� is
the unit step function. The transmitted field can be written
in three distinct parts: the Sommerfeld precursor ES�z; t�
(see Eq. 7.2.20 in Ref. [3]), the Brillouin precursor EB�z; t�
(Eq. 7.3.66), and the main signal EC�z; t� (Eq. 8.3.4). For
!c � !0, we find that the frequency of ES�z; t� [EB�z; t�]
starts off at infinity (zero) and rapidly approaches !c. The
time it takes to approach !c depends linearly on the
penetration depth z; for �0L � 1:03, the precursor fre-
quency is within !c 
 � in �10 fs, which is comparable
to a few optical periods (2.6 fs long optical period). Beyond
�10 fs, we find that the field components can be written as
harmonic functions oscillating rapidly at !c modulated by
a slowly varying envelope. They are given by

ES�z; t� � �E0������z�e��� sin�!c�� �=4�; (1)

EB�z; t� � E0������z�e��� sin�!c�� �=4�=
���
3
p
; (2)

EC�z; t� � E0����e��0z=2 sin�!c��; (3)

where ��z� � �!0=��3=2=2���0z�1=2, and � � t� z=c is
the retarded time. The asymptotic analysis is valid in the
so-called mature-dispersion limit (�0z� 1); our experi-
ment with the largest �0L borders on this limit and thus we
expect that it will only give a qualitative understanding of
our results.

From Eqs. (1)–(3), it is seen that the precursors and the
main signal arrive immediately after the front and that the
Sommerfeld and Brillouin precursors decay exponentially
with an intensity time constant of 1=2� � 16:6 ns for
�0L � 1:03. This result confirms our earlier statement
that the persistence of the precursors is governed by the
resonance width. The precursor amplitudes are also modu-
lated by a z�1=2 spatial dependence and they are out of
phase, resulting in a partial cancellation of their combined
amplitudes. Furthermore, we see that the main signal is just
the incident step-modulated field reduced in amplitude by
an amount expected from Beer’s law. Based on these
findings, we conclude that the transient spike observed in
our experiments [Fig. 1(b)] is composed of both the
Sommerfeld and Brillouin precursors, which sit on top of
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the main signal. Thus, Fig. 1(b) constitutes the first direct
measurement of precursors in the optical domain for a step-
modulated field propagating through a medium character-
ized approximately as a single-resonance Lorentz
dielectric.

A detailed analysis of Eqs. (1)–(3) reveals some sur-
prises. For the case of the largest absorption path length
(�0L � 1:03), ��L� � 1:30	 1010, which is unphysical
[we expect it should be of the order of 1 so that the
jE�z; t�j & E0]. We do not understand the origin of this
discrepancy. One possibility is that �0L needs to be larger
because our experiment is conducted on the theory’s
boundary of validity. However, we would have to increase
�0L by a factor of �10100 to make jE�z; t�j � E0, which
seems unreasonable. An additional surprise is the �=4
phase shift in the harmonic terms. For!c � !0, we expect
that all components of the transmitted field should be in
phase with the incident field. Future investigations of the
asymptotic theory in the narrow-resonance regime is
needed to addresses these apparent problems.

Analysis: SVA.—Another theoretical approach for
understanding our experiments is to assume that the plasma
frequency is small (!p �

������������
8�!0

p
), the material resonance

is narrow (�� !0), the field is nearly resonant with the
material oscillators (!c �!0), and that the field varies
slowly [7,13]. Under these assumptions, known as the
slowly varying amplitude (SVA) approximation, it is pos-
sible to obtain an analytic solution describing the propa-
gation of the step-modulated field through the dielectric,
where the complex refractive index is given by n�!� ’
1�!2

p=�4!�!�!0 � i��� [13–15]. The field is given by

E�z; t� � E0����
�
e��0z=2 � e���

X1
n�1

��1�n

	��0z=2���n=2Jn�
����������������
2�0z��

p
�

�
sin�!c��; (4)

� E0����e���
X1
n�0

��0z=2����n=2Jn�
����������������
2�0z��

p
� sin�!c��;

(5)

where the series in Eq. (4) [Eq. (5)] converges when�������������������
�0z=2��

p
< 1 �

�������������������
�0z=2��

p
> 1�. The first term of

Eq. (4) represents the main signal and is identical to
EC�z; t� of the asymptotic theory [see Eq. (3)]. The second
term is the transient response of the propagated field and
hence should be equal to the sum of the two precursors
ES�z; t� � EB�z; t�. It is not easily separated into the indi-
vidual Sommerfeld and Brillouin precursor fields, yet we
can compare the total precursor field.

Evaluation of Eqs. (4) and (5) reveals that the intensity
transmission jumps to 100% immediately after the front.
To make a direct comparison to our observations, we take
into account the finite-rise time of our step-modulated
1-3
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FIG. 2. Temporal evolution of the total precursor field enve-
lope for the SVA theory (solid line) and the scaled asymptotic
theory (dotted line) for (a) z � 0:2 cm, (b) 2 cm, (c) 20 cm, and
(d) 200 cm.
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pulse and detection system by convolving the intensity
transmission function with a single-pole low-pass filter
with a 206 MHz 3 dB roll-off frequency. The filtering
reduces the transmission to �95% immediately after the
front. The dots in Fig. 1(b) show the predicted low-pass-
filtered intensity transmission function with no free pa-
rameters. It is seen that the agreement with the experimen-
tal observations is excellent.

Comparing theories.—While both theories correctly
predict a transient spike, the asymptotic theory appears to
have some problems, as discussed above. To gain some
insight into this issue, we compare only the total precursor
fields predicted by the two theories for different absorption
path lengths that extend well into the mature-dispersion
regime where the asymptotic theory should be valid. We
find that the problems discussed above continue to persist
even for large �0L. Thus, based on an empirical analysis,
we have set the �=4 phase shift in Eqs. (1) and (2) to zero
and scaled the precursor amplitudes by �1=��z�.

With these modifications to the asymptotic theory, we
find that there is good agreement between them even for
L � 0:2 cm [corresponding to the experimental data
shown in Fig. 1(b) with �0L � 1:03], as seen in
Fig. 2(a). As the path length increases [Figs. 2(b)–2(d)],
the SVA theory predicts oscillations in the field envelope
that are not present in the asymptotic theory. The oscilla-
tions are due to the absorption of the central part of the
pulse spectrum by the material resonance and subsequent
beating between the remaining sidebands [7,14,15]. Over
the three-order-of-magnitude change in path length shown
in Fig. 2, we see that the maximum amplitude of the
14390
oscillations is in reasonable agreement with the asymptotic
theory, indicating that our empirical scale factor captures
most of the discrepancy between the theories. Note that our
scale factor explicitly removes the z�1=2 dependence of the
precursor amplitudes predicted by the asymptotic theory.

Discussion.—Obviously, both the asymptotic and SVA
theories predict a transient spike in the propagated field
immediately after the front, as observed in our experiment.
This result is somewhat surprising. In early quantum optics
research on pulse propagation, Crisp [7] states—without
proof—that making the SVA necessarily throws out the
precursor contribution to the propagated field. Our research
demonstrates clearly that this is an incorrect conclusion.
We believe that some of the controversy surrounding the
observability of optical precursors is related to this
misunderstanding.
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with Kurt Oughstun and the financial support of the NSF
through Grant No. PHY-0139991.
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