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By solving the Maxwell-Bloch equations, we study the area evolution of a few-cycle pulse laser propagating
in a resonant two-level-atom medium. We find that in short propagation distance, the pulse envelope, obtained
within the slowly varying envelope approximation and the rotating-wave approximation, agrees nicely with the
carrier field. In this case, the area theorem can still predict the profile of the area evolution of a few-cycle
optical pulse. However, contrary to the long-pulse case, the variation of the few-cycle pulse area is caused by
the pulse splitting but not by the pulse broadening or the pulse compression. Furthermore, the negative area
occurs when the pulse area decreases. As a result, a pulse with area less ithaot absorbed rapidly
according to the usual Beer’s law of absorption but evolves to nonvanishingrzptise.
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The pulse area is the integral of the Rabi frequency ovelLA medium atz=0, then the pulse enters the medium. The
time and expressed a#(z)=(d/%)[” . Ey(z,t)dt with Maxwell equations take the form
Eq(z,t) the electric-field envelope of the pulse amt
the dipole moment. The area theorehdA(z)/dz
= —(a/2)sinA(2) with a the absorption coefficiehf1] is an
important theorem to describe pulse propagation, which can
predict and explain the pulse broadening, pulse compression, 1 1
and the self-induced transparen¢$IT) that a pulse with == - dHy= —Px. (1)
area of Ziw (n is an integral can propagate without loss 0 0
with lower speed through a resonant absorber medium. Ang|ere E
specially, the envelope shape of a Dulse remains invari-
able during propagation. To obtain the area theorem, th
standing slowly varying envelope approximati@GVEA) [2]

1
ﬁtHy= - %&ZEXY

«» Hy are the electric and magnetic fields, respec-
tively. The macroscopic nonlinear polarizati®}=Ndu is
Bonnected with the off-diagonal density-matrix elemppy

. - r =(u+iv)/2 and the population differencg= p,,— pq; be-
and the rotating-wave approximatioi®WA) [3] are em- tween the upper and lower states,is the density of the

ployed. . medium, d is the dipole moment. The refractive index is
Recent advance in ultrafast laser technology has made g

; : X etermined by the real part pf, and the gain coefficient is
possible to generate extremely short, intense pulses with on roportional to the imaginary part gfy,. U, v, andw are
two optical periods of less than 5 [4,5]. Some theoretical o i-oq by the Bloch equatiofi] 2= 55
studies have shown the limitations of the SVEA and the ’

RWA for ultrashort pulses. Simulation of 100 fs pulse propa-
gation in a two-level-atol{TLA) medium[6] has demon-
strated that the time-derivative behavior of the oscillatory
electric field plays an essential role in the nonlinear evolution
of the system, which sustains the nonlinear process through
null-field points. For larger pulse area of 18 fs durati@

the areas under individual carriers may themselves cause, is th tf d th i
Rabi flopping(RF), i.e., the carrier-wave RF occurs, which wheréwy IS the resonant frequency, andy; are the popu

leads to carrier-wave reshaping and significantly higher spec!-at'on and polarization relaxation constants, respectnily,

tral components. All these interesting phenomena cannot bgf?eErg/rﬁ:éhe Rabi frequency, and, is the initial population

explained by the area theorem or RWA. To obtain the pulse envelope, we rewrite the Maxwell-
However, in this paper, numerical simulation shows thatBI h (MB t'p b b tpt ’t'
the area theorem can still predict the profile of the area evo- och (MB) equations by substituting
lution of a few-cycle pulse in a resonant TLA absorber me- 1
dium. Contrary to the long pulse case, the variation of the E+(zt)= SEo(z,t)expfi[ wpt—kz— ¢(z,1)]},
few-cycle pulse area is not caused by the pulse broadening or 2
the pulse compression, but by a kind of pulse splitting.
We consider the propagation of a few-cycle pulse laser P4 (z,t)=Ndpi(z,t)expfi[ wpt—kz—(z,1)]},  (3)
along thez axis in vacuum to an input interface of a resonant
wherew, is the carrier frequenck the wave vectorg(z,t)
the phase function, and;,=(u’+iv’)/2 the envelope of
*Email address: iamxiao@21cn.com P12, iNnto the wave equatiofilO]

U= —yo,Uu— wqv,
0"tU = — YoV + wou + ZQW,

dw=—y,(w—c)—2Quv, 2
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FIG. 2. The population difference (solid line) and the pulse
carrier() (dashed lingof the 3.4 pulse at the propagation distance
of z=17 um.

Here(Q,=dEy /7 andAw= wy— w,. The area theorem can
be derived from Eqs4) and(5) [1].

Equationg1), (2), (4), and(5) can be solved by using the
finite-difference time-domain method for the field equations
and the predictor-corrector method for the material variables
[6-9]. The initial conditions are&i=v=0, wy=—1 for the
absorber medium and Q(t=0,2)=Qcodwy(z
—zy)lclsech1.76(z—zp)/crp] for the input soliton pulse
with Q, the maximum Rabi frequency ang the full width
at half maximum of the pulse-intensity envelope. The choice
(b) 1.1z pulse of zy ensures that the pulse penetrates negligibly into the
medium att=0. Considering the conditions of SIT, we
choose the relaxation times much longer than the input pulse

t (fs) duration and adopt the following pulse and material param-
o ~eters: 7,=5 fs, wp=w,=2.3 fst (A=820 nm), z,

FIG. 1. The pulse envelop®, (solid line) and the pulse carrier _ 15 um, d=2x 1002 As m, N=2x 1074 m_3, -1
Q) (dashed lingof the 3.%r (a) and 1.17 (b) pulses at the respective
propagation distances @a&=0 um, 17 um, and 34 um.
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Y1
=1 ns, 72_1=O.5 ns. The corresponding pulse areaAis
=Qp7,w/1.76, and =1 fs~! corresponds to the electric
field of E,=5x10° V/m or an intensity of |=6.6
X 10*2 W/cn?. The time increment\t and the space incre-
ment Az are chosen to ensu\t<Az [9].
Ideal SIT of pulses with a width of 100 f§] and 18 f§7]
and the Bloch equation®). Then we get the envelope forms has been simulated in resonant TLA mediums, and it is
of the MB equations in SVEA and RWA, shown that the time-derivative behavior of the input field
, may cause local carrier modification but the pulse envelope
Nduocwpv (43) is essentially unchangegd]. Here we first model the area
2 ’ evolutions of the 3.4(Q,=1.0912 fs') and 1.=(Q,
=0.3872 fs1) pulses. Figure 1 shows the corresponding

1
2 2 2
d;E = 2 B+ = modi Py,

1
(9ZEO+ EO')tEO:

1 NdugCwpu’ envelopeg(solid line) and carriergdashed ling of the two
Eo| 9,4+ E‘yt‘ﬁ) - (4b) pulses at the propagation distanceszefO0 um, 17 um,
and 34 um. We can see that both pulses experience similar
du'=—vy,u' —Awv’, (58  evolutions. Despite SVEA and RWA, the envelopes coincide
with the carrier fields nicely az=17 um, positive areas
o' =—vyu'+ Aol +Quw, (5b) appear following the main pulses and they increase at
=34 um. Obviously, the whole area of each pulse in-
HW=— vy (W—Wg)—Qqv’. (50 creases, the area evolutions are in agreement with what the
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carrier() (dashed lingof the 2.97 pulse at the propagation distance

FIG. 3. The pulse envelop®,, (solid ling) and the pulse carrier of z=17 um. (b) The enlargement afa) from 114 fs to 123 fs.
Q) (dashed lingof the 2.97 (a) and 0.97 (b) pulses at the respective
propagation distances @=0 um, 17 um, and 34 um. but not completely, and the difference z£34 um is evi-

dent. This disagreement comes from the SVEA and the

area theorem predicts, i.e., the areas of the two pulses wiRWA. Because for few-cycle pulse laser, the time-derivative
increase to 4 and 2, respectively. However, the increases behavior of the electric field that was ignored within SVEA
of the few-cycle pulse areas is not caused by the pulse broadiay cause oscillation features of the populafiéh[see also
ening as in the case of long pulsgl|, but by the pulse in Fig. 4(b)], and the fast oscillation terms that were ignored
splitting, a different kind of splitting. To interpret the physi- within RWA may lead to carrier-wave reshaping]. Of
cal mechanism, we present the population differefsm#id  course, these nonlinear behaviors may exhibit a more evident
line) and the carrier fielddashed ling of the 3.1 pulse at  feature with further propagation or within a higher-density
z=17 pum in Fig. 2. As known, ar area can make a com- medium. However, Fig. 1 shows that despite these approxi-
plete population inversion, and ar2area may also reverse mations, the profile of the area evolution of few-cycle pulse
this inversion, i.e., RF occurs. Hence for a pulse area bestill follows the area theorem.
tween 37 and 4, the population is excited to the upper  Further consideration is given to the 2zZ@),
level completely after one RF occurs, while the remaining=1.0208 fs!) and 0.9r(Q,,=0.3168 fs!) pulses with
energy (minus 3m) in the trailing edge of the pulse may the corresponding profiles shown in Fig. 3. We should stress
cause the stimulated radiation. For a long pulse, the trailinghat the pulse area is the algebraic sum of the whole area
edge is amplified and the pulse is broadened, but for a fewdnder the envelope including the negative area that has a
cycle pulse, the pulse has passed away when the stimulateiifference in the carrier phase with the positive enveldde
radiation occurs, the energy is retained behind the main puls®bviously, in Fig. 3, negative areas appear behind the main
and the pulse splits. pulses, so the areas of the 2.%nd 0.9r pulses will de-

On the other hand, we should note that the pulse enveecrease to - and Or as what the area theorem predicts,
lopes coincide well with the envelopes of the carrier fieldsrespectively. However, the decreases are also caused by the

031402-3



RAPID COMMUNICATIONS

JIAN XIAO, ZHONGYANG WANG, AND ZHIZHAN XU PHYSICAL REVIEW A 65 031402R)

pulse splitting, but not by the pulse compression as in théroadened and absorbed in the beginning propagation dis-
case of long pulsegl]. Figure 4 shows the population dif- tance, then it disappears rapidly according to the usual Beer’s
ference(solid line) and the carrier fielddashed lingof the  |aw of absorptior{1]. However, for a few-cycle pulse, nega-
2.9m pulse az=17 um. From Fig. 4a), we can see that the tive area occurs and reduces the pulse area. As a result, the
2.9 pulse cannot make a complete population inversion afpulse evolves to nonvanishing zetopulse.

ter one RF occurs, only part of the population on the ground |n conclusion, by solving the MB equations without and
level is excited to the upper level and returns immediatelyyith SVEA and RWA, we get the carrier field and pulse
While just at this moment, a minor pulse with difference  enyelope of a few-cycle pulse propagating in a resonant TLA
in the carrier phase with the main pulse appears. Figie 4 ghsorber medium. It is found that the area theorem can still
is the enlargement of Fig (& from 114 fs to 123 fs, it shows yreqict the profile of the area evolution of a few-cycle optical
the phase variation in detail. In contrast to Fig. 2, it can b&yise. The variation of the few-cycle pulse area is caused by
inferred that the phase change of the minor pulse comes frogp pulse splitting but not by the pulse broadening or the
the incomplete population inversion. For a longer pulse, the, ise compression. Furthermore, negative area occurs when
phase variation may decrease the trailing edge of the pulsge pyise area decreases. In this case, a pulse with area less
and the pulse will be compressed, but for a few-cycle pulseyan - will evolve to nonvanishing zerar pulse.

it leads to pulse splitting because the few-cycle pulse propa-

gates very fast. In addition, we also calculate the propagation

of the 0.17(Q,,=0.0352 fs!) pulse, which has similar This work is supported by the National Key Basic Re-
area evolution as that of the @r9ulse, it does not vanish search Special FoundatighhKBRSF) (No. G1999075200

but splits into several pulses, the whole pulse area is zerand the Shanghai Natural Science FoundatiéXo.

For a longer pulse, a pulse with area less thamwill be ~ 00QA14028.
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