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Breakdown of the Area Theorem: Carrier-Wave Rabi Flopping of Femtosecond Optical Pulses
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By solving Maxwell's curl equations coupled to a two-level atom, a theoretical study of carrier-
wave Rabi flopping of femtosecond optical pulses of only several carrier-cycles time duration is
reported. For pulse areas fr, the usual self-induced transparency regime is essentially recovered.
However, for larger pulse areas, carrier-wave Rabi flopping occurs that manifests in local carrier
reshaping and subsequently to the production of significantly higher spectral components on the
propagating pulse. These new features are not predicted by employing the area theorslowdy-a
varying-envelope approximatiofor the amplitude and phase terms—which is the usual approach.
[S0031-9007(98)07419-5]
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The development of high-intensity ultrashort optical literature beginning with the pioneering work reported in
pulses has led to a number of fascinating nonlinear opticaRef. [13], though no connection has been made to Rabi
propagation studies including Rabi flopping [1], self- flopping.
induced transparency [2], photon echo [3], and optical When a resonant excitation field drives the excita-
shock formation [4], to name but a few. Common to thetion from the ground state to the excited state and back
description of these effects is that their propagation pheagain, this is termed Rabi flopping (RF) [14—16]. The
nomena can be described quite adequately by employingsual analysis of RF assumes that the optical-frequency
the appropriate coupled matter-Maxwell equations withincomponents of the energy density do not contribute to
the slowly-varying-envelope approximation (SVEA), the nonlinearity. In this Letter, we return to the prob-
i.e., the envelopes of the electromagnetic field andem of RF in a two-level atom (TLA) and present a
polarization are assumed to vary little over an opticalquantitative Maxwell-Bloch analysis beyond the SVEA
period and wavelength. However, recently, a number ofo model pulses of only a few optical-cycles time du-
theoretical recent works have demonstrated the limitationgtion. Several new featues arise in the full Maxwell
of the SVEA that adopts slowly-varying phase and am-solution that are absent in the standard SVEA models.
plitude components [5-10]. Thes®n-slowly-varying This work is motivated in part as an intriguing theoreti-
Maxwell-Bloch studies are both timely and necessarycal study and in part because of recent advances in the
since on one hand device sizes and absorption lengths canmpression of optical pulses using self-phase modula-
now be reduced to subwavelength scales, and on the oth#on [17]. Our predictions employ realistic material and
hand several-cycle fs optical pulses are readily availablé&aser parameters and should therefore be experimentally
[11]. Single-cycle and several-cycle THz pulses haveverifiable.
also been receiving a lot of interest recently [5]. We model pulse propagation of vario@é= optical

Nonlinear optical pulse propagation studies in thepulses (wherel is an integer) of 18 fs time duration
single-cycle regime [12] have recently been investigateqFWHM irradiance). For a pulse area (the integral of its
by using improved envelope equations (IEE’s). TheRabifrequency over time) & the standard self-induced
IEE’s can be employed within the slowly-evolving-wave transparency (SIT) results are essentially recovered in
approximation [12] where the amplitude and phase termagreement with the work presented in Ref. [7]. However,
do not vary much over a wavelength (no emergencehe standard results for higher area pulses do not hold
of a backwards propagating wave), but, however, théecause of a strong reshaping of the individual optical
assumption that the amplitude and phase terms vargarriers. We predict that electric field time-derivative
slowly over an optical period is not made; a perturbativeeffects will lead to carrier-wave Rabi flopping (CWRF)
expansion of small population transfer was then applied tand subsequently to the formation of higher spectral
describe ultrashort pulse propagation in a Kerr mediumcomponents on the propagating pulse. The propagation
However, for our study, such a technique cannot belistances required to induce strong carrier reshaping are
applied (i) because of the large population transfer thammoderate and are ultimately determined by the TLA-
occurs during Rabi flopping and (ii) because the sourcenaterial parameters. Electric field time-derivative effects
of our interesting carrier-wave effects (see below) arisesvere previously emphasized in Ref. [7]. The current
from the fast oscillations in the material equations; theeffort pushes the boundary of understanding and the
neglect of these oscillations is equivalent to the rotatingimportance of these effects further.
wave approximation (RWA). The RWA breakdown in  We employ a standard finite-difference time-domain
the strong coupling regime is widely discussed in thelFDTD] [7,8,18] approach for solving the full-wave
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Maxwell equations, and a fourth-order Runge-Kutta 15
method to solve the Bloch equations. A plane-wave pulse
normally incident upon a TLA material that is unbounded
in the transverse direction is considered. Assuming linear
and nonlinear polarization, Maxwell’'s equations can
therefore be writtenB, = 9E./dz and D, = 0H,/dz,
with B, = uoH,, D, = €kE, + P,, andP, = e(nj —
1)E, + Py (no is the background refractive index). The
nonlinear polarizatio®,; = 2Nd R€ p|,], whereN is the
density of TLA's, andp;, is the off-diagonal density
matrix element obtained from the optical Bloch equations
p12 =iQn — (I'y + iwp)pry  and n = i2Q(p12 —
p12) — I'i(n — 1), with Q = dE/K the Rabi frequency,
n = (p;1 — p2) the population difference between the 1
lower and upper states,, the transition frequency, anfl
the field-direction dipole moment. The phenomenological
population and polarization relaxation rates are given by
I'y andI',, respectively. The initial field,(z = 0,¢) =
h,Eg sechi—l;%)sin(a)t), where E; is the peak input
electric field, . is the offset position of the pulse center
(att = 0), 7, = 2arcoslil/+/0.5)7, is the FWHM of the
pulse irradiance profile, is a unit vector perpendicular
to the direction of propagation, and = 27 c/A is the -1 ‘
central pulse frequency. 100 Time (fs) 200

Within the SVEA, it is well established that when the
envelope of the pulse has an area that is an integer nurG. 1. (a)2#-pulse propagation through the two-level sys-
ber of 27, then lossless propagation is possible. For dem. The normalized electric field is ShOWﬂ at the respective
27 pulse, the rotating dipoles are exactly returned to theii(;m‘zié’é iﬁ?v‘;s) (d(()g)e?\lgma?égﬁiéf d(%gﬁ;ri‘ncgm&)e’) ai”n‘f/grls?ofns
initial state while maintaining thg shape of the .excitationn (solid curve),.and R@1,] (dotted curve), near the front face
pulse. Moreover, the hyperbolic secant solution propaps the two-level material{ = 21 xm).
gates without change at a velocity which can be substan-
tially slower than the speed of light. This will occur when from its ground state to its excited state and back to its
E™ = 21i/dr,. Additionally, by virtue of the area the- ground state while maintaining its shape. For comparison,
orem [1],47,67r,... pulses are also asymtotic solutions Fig. 1(b) shows the corresponding temporal development
to the coherent propagation problem, although such pulsesf the inversionn (solid curve), electric fieldz, (chain
are not stable and will split up intdx,3X,... 2 sech curve), and the polarizarion component[Rg] (dotted
pulses, as a consequence of multiple RF. One essentialirve), at the fixed position of = 21 um that is near
feature of RF is that coherence must be maintained in ththe input surface of the nonlinear medium. Although the
system. Hence we choose relaxation times much longenedium is completely inverted and returned to its initial
than the input pulse duration and adopt the following matestate, oscillation features at the zero points of the pulse
rial and laser parameters: = w, = 0.6 X 10" rads !, arise due to the time-derivative behavior of the input field
7, = 18 fs, I''=T"=1ns,ny=1,d=265eA, (seealsoRef.[7]). Forlonger propagation distances, these
N =2 X 10" cm™3, and . is chosen appropriately to transient features cause local carrier modification though
propagate the pulse in time from outside the computationahe envelope of the input pulse is essentially unchanged.
domain (see below). The results to follow can of courseMaxwell’'s curl equations also account for backwards
be scaled to various laser and material parameters. propagating fields which do not occur in the present study

The peak amplitude of the necessary pulse to achieveince the linear refractive index is unity and also because
a 27 envelope area is approximately).5 GV/m. the absorption length is too large (thus the SVEA in space
Figure 1(a) shows an example of a propagafimgpulse is valid here).
through the TLA medium. The pulse initially propagates Next we investigatelsr-pulse excitation, and to em-
in the free-space region, and thereafter enters the two-levphasize the effects of propagation and to avoid long
medium a20 um; the pulse subsequently propagates theomputations we have used, respectively, a nonlinear
nonlinear medium and finally exits into the free-spacemedium length o140 umandN = 4 X 10'® cm™3. Fig-
region again at00 um. The total simulation region is ure 2(a) depicts the electric field profile at the respective
120 um. The2 pulse simulation approximately recovers propagation times of 180, 350, and 525 fs. The driven
the well known analytic results in agreement with Ref. [7],density shows the expected two symmetric transversals
i.e., the excitation drives a complete transition of the TLAbetween the ground and excited states. As a consequence
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of driving two complete Rabi flops [see Fig. 2(b)], the (z = 180 wm). Strong carrier-wave reshaping is indeed
propagating pulse evolves into two separate pulses witfound in addition to a significant interaction with the free-
differing spectral profiles. Again this is in agreement withinduction decay (FID) of the material. FID interferes with
the standard SVEA results. However, extraneous tranthe latter part of the propagating pulse because of incom-
sient features arise once more due to the time-derivativplete RF and the relatively long polarization decay. For
nature of the input field, i.e., because we are resolving théhe chosen pulse and material parameters, it is not possible
carriers. to achieve complete symmetric inversion for areas of and

Now, because the duration of the input pulse coverabove6s-pulse excitation, and less than 100% inversion
only several optical cycles, the perplexing question nows obtained in each swing of the pulse since the medium
arises: What happens when larger input areas are injectésl responding rapidly to the variations in the pulse shape
into the material? By large, we mean large enough s@nd its time derivative. For thB)7 pulse, numerically it
that the area under the individual carriers may themselveis found that arl 1.47 pulse approximately returns the in-
cause RF. The left-hand side of Fig. 3 shows the timeversion to the ground state while driving five density flops;
dependent inversioik;,, atz = 21 um, for pulse areas of however, these flops are far from symmetrical. We have
67, 87, 107, 127r,and147. Theindividual carriersnow also verified that for the chosen material parameters, no
have a profound effect. First, it is noted that incompletebackwards wave emerges and hence the SVEA in space is
Rabi flops occur instead of the anticipated integer numbemnot violated. The source for the CWRF is due to fast os-
For example, for thelOw-pulse case, 4.5 Rabi flops cillations in the polarization equations outside the RWA.
occur instead of 5. Complete RF is very difficult to An experimental signature of such an effect could be
achieve because of the transient features in the Blockeen, for example, on the output spectrum of the propa-
equations beyond the RWA. Second, local CWRF isgated pulse. Figures 4(a) and 4(b) show, in compari-
clearly discerned. One finds that [lReg;] follows E,  son to the input spectrum, the output irradiance0Oaf
instantaneously so that its peak occurs at the peak in thend 107 pulses, respectively. Figure 4(a) reproduces the
E, time derivative. Longer tail effects result from the fact
that the medium still has energy residing in the Re], z=21um 2=180um
which oscillates atv.

As a consequence of CWRF, carrier-wave reshaping is
expected. To investigate this, the right-hand side of Fig. 3-
displays the pulse time profile after the sample exit face
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population difference near the front face of the two-level
FIG. 2. (a) As in Fig. 1(a) but fo47-pulse propagation at the material ¢ = 21 um). The right-side graphs display the
respective times of 180, 350, and 525 fs. (b) As in Fig. 1(b)subsequently propagated pulse (normalized electric field) at
but for 47-pulse propagation. z = 180 um.
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familiar 077-pulse scenario in the resonant medium, show- In conclusion, a first principles approach that utilizes the
ing the characteristic spectral hole resulting from a beatingptical Maxwell-Bloch system coupled to Maxwell’s curl
structure in the time dependence; the asymmetry is due tequations with a TLA model for the polarization has been
dephasing [19]. However, Fig. 4(b) clearly shows the for-utilized to describe carrier-wave RF. The model incor-
mation of higher (and some lower) spectral componentporates all propagation effects such as nonlinearity, dis-
due to CWRF. We have verified computationally that,persion, absorption, stimulated emission, and more. It is
if the input carrier frequency is increased by a factor ofshown that the nonlinear behavior is dependent not only
10, then five symmetric transversals occur between then the electric field envelope but also on its propagating
ground and excited states and there is no evidence for tim¢ime-derivative effects. Standard SPkr and4# pulses
derivative features and no generation of these higher speeare essentially reproduced with minor modifications due to
tral features. This, of course, is also true if one increase®cal carrier effects in agreement with Ref. [7]. However,
the time duration of the exciting pulses since sufficient opfor higher pulse areas, it is found that carrier-wave effects
tical carriers will again be present to allow the validity of become predominant, and a new, novel type of CWRF
the SVEA intime. However, forincreasing irradiances theis demonstrated—whose experimental signature will ap-
area theorem will again break down and, indeed, experipear via the production of significantly higher frequency
mental evidence for similar oscillations may already havecomponents on the propagating pulse. These features are
been seen using much longer pulses and higher input irra&bsent in the standard area theorem and envelope-type
diances [20]. Further, all the results obtained for the 18 fsnodels.

pulse scale to much longer pulses (and spectrally more nar- The author thanks D. M. Sullivan and W. Forysiak for
row two-level systems) assuming the irradiances increasaseful discussions regarding the FDTD Maxwell computa-
or the carrier frequency changes accordingly. For examtion. Stimulating comments from D. S. Citrin, A. Maslov,
ple, high intensity several-cycle THz pulses are commonhA. Schilzgen, H. Giessen, and A. Knorr are gratefully
used from free-electron lasers and solid-state sources, amgknowledged. This work was supported in part by the
even in the linear regime, propagation of these severallapanese Society for the Promotion of Science, the Na-
cycle pulses necessitates a Maxwell’s curl approach [5ltional Science Foundation by Grant No. DMR9705403,
Moreover, optical pulses with areas 007 and more and the Office of Naval Research.

are currently being employed to investigate RF [20]; in

this regime, even for several-hundred fs optical pulses, the

SVEA in time will break down. *Email address: shughes@wsu.edu
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