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Ultrafast population transfer in three-level A systems driven by few-cycle laser pulses
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The maximal population transfer in three-levelsystem driven by linear polarized few-cycle laser pulses is
investigated numerically. A time-dependent Sclinger equation without the rotating wave approximation is
solved. The maximal population transfer depends critically on the chirp rate and the intensity of the pulses.
Almost complete population transfer can be achieved if the difference between the transition dipole moments
is not very large.
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Recent technological advances in ultrafast optics permitycle pulses with atomfl5,16. At present, it is not clear
to generate pulses shorter than 10 fs convenidiflyThese whether a complete population transfer is possible in the
pulses contain only a few optical cycles of the carrier fre-interaction of few-cycle pulses with three-leval atoms.
guency and their spectrum width can reach several hundrethis problem is investigated numerically in this paper.
nanometer. The few-cycle pulses present novel phenomena The three-leveA system under consideration is shown in
in the field of light-matter interaction. Several important ap-Fig. 1. The 1-2 transition frequency is, and the 2-3 tran-
plications include high-order harmonic and attosecond x-raition frequency isw,. The transition between level 1 and 3
pulse generatiofil]. In this paper, we will study the popula- is electric dipole forbidden. Only one laser field is interacted
tion transfer in the three-level atom interacted with the few-with the system. The full Hamiltonian is
cycle pulses laser based on numerical simulation.

The coherent population transfer in three-level atoms has
been extensively studied in recent yef2s-14]. This phe- H(t)=Hy+d-E(t), )
nomenon contains most of the basic properties of multilevel
coherence and has a great potential for realistic applicatioRyhere the free Hamiltoniat y= Diag(— w;,0,— w,), d is

As an example, stimulated Raman adiabatic passa . =\ e
(STIRAP) is a very robust method to produce completgt%e dipole moment operator arfi(t) is the electric field of

population transfer in the three-level system. The STIRAF;he laser,
technique uses the counterintuitively delayed laser pulses to
adiabatically correlate the initial populated level to the de-
sired target level during the system evolution. STIRAP tech-
nigue has been implemented with continuous or pulsed lasers - ) o ) .
[2]. Generally, the adiabatic condition limits the pulse widthWheree is the unit polarization vectow is the carrier fre-
in the nanosecond time scale. However, as pointed out ifY€NCY.x is the chirp rate, ané&, is the maximal electric-
Ref. [8], the use of ultrashort pulse lasers to obtain populafi€ld amplitudes(t) is the shape function. For convenience,
tion transfer may have some special benefits, such as, easy¢ assume it is the Gaussian function
realize the transition in the UV or vacuum ultravioletiv)
energy range, or control the level population distribution in
the ultrafast process. For pulses in the picosecond or sub-
icosecond regime, adiabatic condition can be satisfied by . .
ghirping the frgquency of the laser pulses and nearly com‘%/Ith 7 the parameter of the.puls.e W'dth'. :
plete population transfer has been produ¢dd.8,13,14 Tg characterize the Ha[nlltonlan matrix, _We mtrodqce the
Most of these methods are based on the rotating wave afRabi frequencyiQ=—(1|d-e[2)E, and define the ratio of
proximation(RWA) and the adiabatic condition is needed to the transition dipole momentg=(2|d-e|3)/(1|d-€|2). The
satisfy. However, RWA is not valid for interaction of few- Hamiltonian now has the formula

E(t) = eE,s(t)co wt + 1/2yt?), 2

s(t)=exp( —t?/7?),

—w, Qs(t)cog wt+ 1/2yt?) 0
H(t) = Qs(t)cog wt+ 1/2yt?) 0 yQs(t)cog wt+ 1/2xt?) 3)
0 yQs(t)coq wt+ 1/2yt?) —w,
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FIG. 1. Three-levelA system. The transition between initial 04l
level | 1) and the final leve|3) is electric dipole forbidden.

population
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The evolution of the probability amplitudes of the three
levels is determined by the time-dependent Sutiriger
equation,

02 . \ . . . . \
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d fime(fs)
in—| 2| =H)| 2. (4)

dt c c FIG. 3. Population evolutiof(t) for n=1,2,3 with the same
3 3

parameters as in Fig. 2, but the rotating wave approximation is used
in the calculation.
Suppose at the initial time the three-level system is in its

ground level|1), Figure 2 shows an example of the three-levels population

evolution for y=1. It can be seen that when the Rabi fre-
Ci(—®)=1, cy(—2)=0, cz(—x)=0, quency is Q=056 fs' and the chirp rate isy
=0.04 fs 2, almost complete population transfer (98.9%)
we are interested in the population distributiontat + o, can be produced. Unlike the STIRAP and other adiabatic
Po=lch(+)|?(n=1,2,3). techniques, in this example, the population in the intermedi-
In Egs. (3) and (4), we have neglected the spontaneousate level|2), can reach large values. However, if the rotating
emission from the intermediate leVi@) since the interaction wave approximation is used in the calculation, as shown in
time is only a few cycles of the carrier frequency. E(®.  Fig. 3, the curves are very smooth and the final population of
and (4) are exactly quantum and the RWA is not used. WeP3(t) decreases to 81.5%. These two figures clearly show
will numerically solve Eq.(4) to investigate the problem of the inapplicability of RWA in the case of few-cycle pulses
population transfer. interacting with three-level systems.
In our simulation, the carrier frequency of the laser pulse In Fig. 4, the final population of levéB), P3(«) is pre-
is w=0.75x/fs corresponding to 800 nm central wavelengthsented as the function of the Rabi frequerfe¢y The curve
and 7=5 fs so that the full-width-at-half-maximum pulse shows the population transfer is robust to small Rabi-
width is 5.9 fs. The frequency detunings awe;—w  frequency changes. The maximal population transfer can be
=0.057/fs and w,— w=—0.057/fs. Both transition fre- 98.9% and more than 90% population transfer can be

guencies are contained in the bandwidth of the pulse. achieved for 0.48 (2<0.62.
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FIG. 2. Population evolutionP,(t) for n=1,2,3, with FIG. 4. Dependence of the final population trand?gec) with
=0.56 fs'!, y=0.04 fs 2 for r=5 fs andy=1. respect to Rabi frequency.=0.04 fs 2 for =5 fs andy=1.
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FIG. 7. Contour map of the final population transkj(«) for
varying the Rabi frequency and varying chirp rates5 fs andy
=0.8.

FIG. 5. Dependence of the final population trandfgf~) with
respect to chirp rateQ=0.56 fs'?, for 7=5 fs andy=1.

Also, we have plotted the dependenceRaf ) with re- . )
spect to the chirp rate in Fig. 5. For opposite chirp rate, we Fory=0.8 andr=5 fs, Fig. 7 gives the contour map of
see the population transfer is relatively small. Although, forPopulation P5(c). Compared with Fig. 6, the structure is
positive chirp rate large population transfer can be obtainecjualitatively very similar, but the maximal population trans-

the extent of the robustness is small. fer is 96.2% when()=0.6 f571 andX=004 fSﬁZ, a little
To get the global behavior of population transfer, the con-Smaller than the maximum value for=1.
tour map of P3(») as the function of both the Rabi fre- If the ratio of the dipole moments decreaseste0.5, as

quency and chirp rate is shown in Fig. 6. We find there are ghown in Fig. 8, the maximal population transfer becomes
certain region of) andy in which large population transfer much smaller. In this case, the value is 69.3%, wien
can be obtained. As these numerical results show, nearly0.72 fs'* andx=0.04 fs'2,

complete population transfer is possible in the interaction of The increase of the ratio of the dipole moments also de-
few-cycle pulse with three-level atoms even for the pulse creases the achievable efficiency of population transfer. For
width as short as 5.9 fs under the conditipr-1. But the Y= 2.0, the contour map dP3() is shown in Fig. 9. The

population transfer is not very robust. maximal population transfer is 76.3%.
However, if the ratio of the dipole moments#1, the We have performed other simulations with different pulse
maximum popu'ation transfer obtained will decrease. width. For eXampIe, F|g 10 gives the simulation results with
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FIG. 6. Contour map of the final population transky(c°) for FIG. 8. Contour map of the final population transky(«) for
varying the Rabi frequency and varying chirp rate=5 fs andy varying the Rabi frequency and varying chirp rate=5 fs andy
=1. =0.5.
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FIG. 9. Contour map of the final population transky(«) for FIG. 10. Contour map of the final population trangfey() for
varying the Rabi frequency and varying chirp rates5 fs andy varying the Rabi frequency and varying chirp rate= 10 fs and
=2. y=1.

ate values of the chirp rate and intensity. If the ratio deviates
=10 fs andy=1. In this case, the maximal population from unity largely, the maximal population transfer decreases
transfer is 95.5%), whef)=0.44 fs'! and y=0.04 fs'2,  seriously.
smaller than the corresponding value with 5 fs in Fig. 6. (3) The maximal population transfer has robustness in a

From all these simulations we can get the following re-small region of intensity and chirp rate.
sults: In conclusion, the population transfer in the three-level

(1) The interaction of few-cycle laser pulses with three-210ms in asingle few-cycle pulses laser is investigated in this
level atoms is much more complicated compared with mulPapPer with numerical simulation. The RWA is not used in the

ticycle pulses. The RWA cannot be used in this case and themulation. Almost complete population transfer can be
different transitions can be stimulated simultaneously. achieved if the different transition dipole moments are al-

(2) The population transfer in the three-level atoms in amost the same and appropriate values of the intensity and

single few-cycle pulses laser is strongly dependent on th8hlrp rate are selected.
ratio of the dipole moments. If the ratio is near unity, almost  This work was supported by the National Key Basic Re-
complete population transfer can be obtained under approprsearch Special Foundation under Grant No. G1999075200.
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