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Abstract. We investigate ultrafast coherent population transfer driven by few-cycle pump and Stokes laser
pulses in the A-type three-level system with the stimulated Raman adiabatic passage technique beyond
the rotating-wave approximation. In contrast to the case with the rotating wave approximation, the most
efficient population transfer may be realized without the satisfaction of the one-photon resonances or two-
photon resonance and the transfer efficiency depends critically on the Rabi frequencies and initial optical
phases of the two laser fields when the peak Rabi frequencies are much larger than the respective transition
frequencies. Moreover, complete and robust population transfer can still be obtained with the variations
of the Rabi frequencies, pulse durations, and one-photon or two-photon detuning in a moderate range,
though a considerable transient population may reside in the excited state. These abnormal behaviors
result from the counterrotating terms, which are not taken into account in the traditional rotating wave

approximation.

The stimulated Raman adiabatic passage (STIRAP) has
proven to be an efficient and robust way for selec-
tive and complete coherent population transfer between
two discrete atomic or molecular states [1-6]. It is well
known that, under the traditional rotating wave ap-
proximation (RWA), three conditions should be satis-
fied in order to realize perfect population transfer in the
simplest A-type or ladder-type three-level system with
the STIRAP technique. Firstly, the time-separated but
partially-overlapping pump and Stokes pulses should be
applied in the counterintuitive order (i.e., the Stokes pulse
precedes the pump pulse); secondly, the two-photon res-
onance between the initially populated state 1 and tar-
get state 3 should be maintained (while the intermedi-
ate state 2 may be off resonance by a certain detuning);
thirdly, the time evolution of the atomic or molecular sys-
tem should be adiabatic, that is, the pulse area should be
large enough (normally larger than 10) [1-3]. However, for
the case of few-cycle laser pulses or the Rabi frequencies of
the laser fields comparable to or larger than the respective
transition frequencies or the difference of them, the RWA
may fail to work and the counterrotating terms should
be taken into account. The effects of the counterrotating
terms on coherent population transfer have been exten-
sively studied. Kaluza and Muckerman [7], Casperson [8],
and Genkin [9] investigated the interaction of a two-level
system with the few-cycle laser pulse without the RWA. It
was pointed out in references [10,11] that coherent popu-
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lation trapping beyond the RWA can still exist under cer-
tain conditions in the A-type three-level system. Cheng
and Zhou [12] considered ultrafast population transfer in
the A-type three-level system driven by a chirped few-
cycle pulse, and demonstrated that the maximal popu-
lation transfer depends strongly on the chirp rate and
intensity of the pulse. It was shown that complete pop-
ulation transfer without the RWA can be achieved as well
under certain conditions in the A-type three-level system
with the STIRAP technique when the Rabi frequencies of
the laser fields are comparable to or larger than the re-
spective transition frequencies [13,14] or the difference of
them [15,16].

In the previous studies [13-16] on the coherent popu-
lation transfer in the A-type three-level system with the
STIRAP technique beyond the RWA, the one-photon res-
onances or two-photon resonance is often assumed, which
is generally thought to be one necessary condition for effi-
cient population transfer. Nevertheless, in this paper, we
demonstrate that the most efficient population transfer
may be realized without the satisfaction of the one-photon
resonances or two-photon resonance in the A-type three-
level system driven by few-cycle pump and Stokes laser
pulses with the STIRAP technique. Moreover, in refer-
ences [13-16], the pulse durations are much longer than
the optical periods of the laser fields (i.e., the multi-cycle
pulses are used), where the initial optical phases of the
laser fields are not taken into account. In addition, as is
well known, the transfer efficiency exhibits robustness to
the variations of the Rabi frequencies and pulse durations
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Fig. 1. The A-type three-level system. Levels 1 and 2 is cou-
pled by the pump pulse 1 and levels 3 and 2 by the Stokes
pulse.

in the adiabatic limit under the RWA. However, here we
show that the population transfer efficiency depends crit-
ically on the initial optical phases and Rabi frequencies of
the laser fields when the Rabi frequencies are much larger
than the respective transition frequencies.

The considered A-type three-level system, as shown in
Figure 1, interacts with two time-separated but partially-
overlapping laser pulses, where level 1 and upper level 2 is
coupled by the pump pulse and levels 3 and 2 is coupled by
the Stokes pulse. We assume the electric field Fg(t) of the
Stokes pulse can be written as Eg(t) = Eos f(t) cos(wgt +
©vs), where wg is the carrier frequency, f(t) is the electric-
field amplitude envelope with the peak value of Eyg, and
g is the initial optical phase of the Stokes field. For sim-
plicity, we assume the pump and Stokes pulses have the
same envelope functions, and the pump pulse is delayed
from the Stokes pulse by 7, so the electric field E,(t) of
the pump pulse can be expressed as E,(t) = Eopf(t —
7) cos(wpt + ¢p). The Rabi frequencies of the pump and
Stokes pulses are assumed to be Gaussian with the ampli-
tude envelopes of the form 2g(t) = 25 exp(—t?/T?) and
2,(t) = Qopexp[—(t — 7)%/T?], respectively, where T is
the pulse duration and £2y,(s) = 11(2)Eop(s) /R is the peak
value of the Rabi frequency of the pump (Stokes) pulse
with g1 (u2) being the dipole moment for the transition
1—-2 (3—2). The detunings of the pump and Stokes lasers
from the resonant transitions 1—2 and 3—2 are given by
Ay = wp — w1 and Ay = wg — was, respectively, where
wi;(i # j) is the resonant frequency between levels ¢ and j.

The time-dependent Hamiltonian of the matter-field sys-
tem can be written as

see equation (1) above.

As is commonly done, by introducing the three-state ro-
tating wave transformation,

U(t) = cr(t) 1) + ea(t) exp [—j (wpt + ¢p)] [2)
+ea(t) exp [ (wpl —wst +wp = ¢s)][3)

We can get the transformed Hamiltonian H /,
see equation (2) above.

In the above Hamiltonian, we do not apply the RWA.
Obviously, as compared to the traditional Hamiltonian
with the RWA [1-6], the inclusion of both the rotating
and counterrotating terms in the Hamiltonian in equa-
tion (2) is equivalent to replacing the Rabi frequencies
£2,(t) and 2g(t) in the usual Hamiltonian under the RWA
by £2,(t)(1 + e2@rtter)) and 02g(t)(1 4 e72Wst+es)) re
spectively. As analyzed in reference [14], the consideration
of the counterrotating terms corresponds to the introduc-
tion of amplitude and phase modulations to the Rabi fre-
quencies of the two laser pulses. It is quite evident that
when the Rabi frequencies £2,(t) and 25(t) are far smaller
than the corresponding transition frequencies, the coun-
terrotating terms can be neglected and the Hamiltonian
H' reduces to the usual description in the RWA. In the
following, we consider the situation that when the Rabi
frequencies {2,(t) and {25(t) are comparable to or much
larger than the respective transition frequencies, how the
counterrotating terms affect coherent population transfer
in the A-type three-level system driven by few-cycle pump
and Stokes laser pulses with the STIRAP technique. We
resolve the time-dependent Schrédinger equation with the
fourth-order Runge-Kutta integrator. In what follows, the
population is assumed to be initially in level 1, and the
time and frequency are scaled with fs and fs~!, respec-
tively.

Figure 2 shows the time evolution of the populations in
the three states 1, 2, and 3 with the two laser fields tuned
to resonance with the respective transitions with the time
delay equal to pulse duration 7 = T = b5, initial opti-
cal phases ¢s = ¢, = 0, resonant transition frequencies
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wo1 = m (the corresponding optical wavelength of 600 nm)
and wy3 = 0.87, and Rabi frequencies {2y = {2, = 1.2
or {2ys = {29, = 5 for the cases with and without the
RWA. With these parameters of the pulses, the standard
STIRAP condition [1-6] for adiabatic evolution is fulfilled.
Note that, according to reference [17], the required Rabi
frequencies nearly comparable to the transition frequen-
cies for a 5 fs laser pulse can be experimentally obtained.
In all figures, the time origin is chosen at the peak of
the Stokes pulse. As seen in Figures 2a and 2c, when the
pulse areas are about in the low limit of the adiabatic
criterion (about equal to 10) [1-3], nearly complete popu-
lation transfer can be realized with the counterintuitively-
ordered and partially-overlapping few-cycle pump-Stokes
pulses in the cases both with and without the RWA,
though an appreciable transient population would reside
in the excited state 2 due to the limited pulse areas. How-
ever, there exists a distinct difference between the two
cases, that is, the curves of the populations during the
two pulses excitation are very smooth under the RWA
(see Fig. 2a), whereas fast oscillations of the populations
appear in the case without the RWA (see Fig. 2¢), which
results from the counterrotating terms. The similar fast
oscillations have also been observed in the two-level [8,9]
and three-level systems [13-15] driven by few-cycle pulses.
When the pulse areas are much larger (e.g., about equal
to 44 in Figs. 2b and 2d), perfect population transfer can
occur and nearly no transient population would enter the
excited state 2 under the RWA (see Fig. 2b); neverthe-
less, beyond the RWA | the populations in the three states
undergo rapid irregular variations during the two pulses
excitation and the transfer efficiency is very low (the final
populations in the states 1, 2, and 3 are about 69%, 23%,
and 8%, respectively), as shown in Figure 2d. This clearly
indicates the invalidity of the RWA for the few-cycle pulses
excitation with much larger Rabi frequencies. Note that
as the interaction time (about a few femtoseconds) is far
smaller than the population decay time (normally about
tens of ps to tens of ns), the population decay of the ex-
cited state 2 nearly has no effect on the transfer efficiency.

As is well known, under the RWA, the population
transfer in the A-type three-level system with the STIRAP
technique exhibits robustness to the variations of the Rabi
frequencies and pulse durations of the laser fields in the
adiabatic regime, and the larger the pulse areas, the more
efficient the population transfer. In order to see whether
such population transfer with robustness to the changes of
Rabi frequencies and pulse durations can take place for the
case beyond the RWA, we show in Figure 3b the contour
plot of the population transfer efficiency as a function of
the Rabi frequencies {2 = (2, = (s and pulse dura-
tions T" with the two laser fields tuned to resonance with
the respective transitions, and the other parameters scaled
with fs and fs~! are the same as those in Figure 2. It is
clear from Figure 3b that when the Rabi frequencies (or
pulse durations) are comparable to or a little larger than
the transition frequencies (or the optical periods of the
laser fields), robust and nearly perfect population transfer
can be obtained with the variations of the pulse durations
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Fig. 2. The time evolution of the populations in the three
states 1 (dashed line), 2 (dotted line), and 3 (solid line) with
the two laser fields tuned to resonance with the corresponding
transitions under the Rabi frequencies of 205 = 20, = 1.2 ((a)
and (c)) and 205 = 20p = 5 ((b) and (d)) with 7 = T = 5,
vs = pp =0, wo1 = 7, and wa3z = 0.87 (in corresponding units
of fs or fs™1'), for ((a) and (b)) with the RWA, and ((c) and
(d)) without the RWA.

Fig. 3. The contour plots of the population transfer efficiencies
as a function of the Rabi frequencies 2 = 2y, = {25 and pulse
durations 7" with the two laser fields tuned to resonance with
the respective transitions, for (a) without the RWA, and (b)
with the RWA, and the other parameters are the same as those
in Figure 2.

and Rabi frequencies in a certain range. However, when
the Rabi frequencies are much larger than the transition
frequencies, the transfer efficiency does not have the ro-
bustness to the pulse areas which characterize the tradi-
tional STIRAP with the RWA, and exhibits a complicated
pattern with respect to the Rabi frequencies and pulse du-
rations. For comparison, we show in Figure 3a the contour
plot of the population transfer efficiency as a function of
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Fig. 4. The contour plots of the population transfer efficiencies
as a function of the one-photon detuning (AlJQFA?) and two-
photon detuning (A1 — Az) with the Rabi frequencies 205 =
20, = 1.2 ((a) and (¢)), and 205 = 20, = 5 ((b) and (d)), for
((a) and (b)) with and ((c) and (d)) without the RWA, and
the other parameters are the same as those in Figure 2.

0,~0s (units of m)

Fig. 5. The contour plot of the population transfer efficiency
beyond the RWA as a function of the Rabi frequencies 2 =
£20p = (205 and phase difference ¢ = ¢, — ¢g of the two laser
fields with the fields tuned to resonance with the respective
transitions and ¢s = 0, and the other parameters are the same
as those in Figure 2.

the Rabi frequencies and pulse durations under the RWA|
where the large white region means the robustness of the
transfer efficiency to the pulse durations and Rabi frequen-
cies. The discrepancy further confirms the invalidity of
the RWA for few-cycle pulses excitation with much larger
Rabi frequencies. The intricate dependence of population
transfer on the Rabi frequencies, which results from the
counterrotating terms, can be well understood with the
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adiabatic Floquet theory [13-16]. As analyzed in refer-
ences [13-16], when the Rabi frequencies are much larger
than the respective transition frequencies, the nonadia-
batic coupling between the Floquet states may occur due
to the counterrotating terms, which would lead to diabatic
evolution of the transfer state to the other Floquet states
and subsequent complicated population transfer with re-
spect to the Rabi frequencies.

It is also well known that in the conventional STIRAP
with the RWA, one essential condition is that the two-
photon resonance should be maintained, and the most ef-
ficient population transfer takes place when the two laser
fields are tuned to resonance with their respective tran-
sitions. To see how the one-photon and two-photon de-
tunings affect the population transfer for the case of few-
cycle pulses excitation when the counterrotating terms
are taken into account, we show in Figure 4 the contour
plots of the population transfer efficiencies as a function
of the one-photon detuning (“'$42) and two-photon de-
tuning (A; — Ap) with and without the RWA. It can be
seen from Figures 4a and 4b that under the RWA, the
population transfer efficiencies present symmetry with re-
spect to the one-photon and two-photon detunings, and
the maximal transfer efficiency is obtained with both the
one-photon and two-photon resonances satisfied, which
has been shown in references [1-3] as well. In contrast to
Figures 4a and 4b, Figure 4c shows that when the pulse
areas are about in the low limit of the adiabatic condition,
the most efficient population transfer would be realized
with the laser frequencies being a little larger than the
corresponding transition frequencies and the two-photon
resonance almost kept satisfied. However, when the pulse
areas are much larger (see Fig. 4d), nearly complete pop-
ulation transfer can take place at several regions of one-
photon and two-photon detunings. This is due to the
fact that the detunings of the laser fields would lift the
quasienergies, and lead to nonadiabatic coupling between
the Floquet states [13-16] and subsequent complicated
population transfer with respect to the laser detunings.
It clearly indicates that the usual one-photon resonances
or two-photon resonance is not one necessary condition
for maximal population transfer for few-cycle pulses exci-
tation, and tuning the laser frequencies provides an alter-
native to control of population transfer with much larger
Rabi frequencies. Noted that, as seen in Figures 4c and 4d,
the population transfer without the RWA can still present
robustness to the variations of the one-photon and two-
photon detunings in a moderate range.

Under the RWA, the population transfer is irrelevant
to the initial optical phases of the laser fields. However,
in the case of the few-cycle pulses excitation without the
RWA, as the initial optical phase, which is also defined
as carrier-envelope phase (CEP) [18,19], determines when
the electric-field amplitude peak will appear, the popula-
tion transfer may show sensitive dependence on the CEP.
Figure 5 displays the contour plot of the population trans-
fer efficiency beyond the RWA as a function of the Rabi
frequencies and phase difference ¢ = ¢, — ¢g of the two
laser fields with the two fields tuned to resonance with
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Fig. 6. The contour plot of the population transfer efficiency
beyond the RWA as a function of the Rabi frequencies 2 =
20p = (205 and frequency difference ws; with the two laser
fields tuned to resonance with the respective transitions and
w21 = 7, and the other parameters are the same as those in
Figure 2.

the respective transitions and the initial phase g = 0.
Unlike the case with the RWA, the population transfer ef-
ficiency exhibits periodic distribution with respect to the
phase difference of the two fields (with the period equal
to m). When the Rabi frequencies of the two fields are
about smaller than 2, the transfer efficiency presents al-
most no dependence on the phase difference, and complete
and robust population transfer can be obtained with the
Rabi frequencies within the range of about 1.2 ~ 2. How-
ever, when the Rabi frequencies are about larger than 2,
the population transfer depends strongly on the Rabi fre-
quencies and phase difference. The variation of the phase
difference or Rabi frequencies would lead to low or high
transfer efficiency between zero and unity. This means
that changing the relative phase of the two laser fields
offers an alternative to the control of the population trans-
fer for few-cycle pulses excitation with much larger Rabi
frequencies.

Finally, we consider the effect of the frequency differ-
ence ws; on the population transfer. Under the RWA, the
population transfer efficiency is independence of ws;. How-
ever, it is not the case beyond the RWA. Figure 6 shows
the contour plot of the population transfer efficiency as
a function of the Rabi frequencies and frequency differ-
ence w3y with the two laser fields tuned to resonance with
the respective transitions, wy1 = 7, and g = ¢, = 0.
As seen in Figure 6, when the two lower levels 1 and 3
are nearly degenerate, the population transfer is almost
insensitive to the variations of the Rabi frequencies and
complete population transfer can be obtained with the
Rabi frequencies being about larger than 1.2. In this case,
the two pulses excitation beyond the RWA has the sim-
ilar feature to the piecewise adiabatic passage studied in
references [20,21]. When the Rabi frequencies are in the
range of about 1.2 ~ 2, robust and almost perfect popu-
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lation transfer can be achieved with the variations of ws;
in the range of about 0 ~ 2. However, when the Rabi fre-
quencies and w3 are much larger, the intricate behavior
of the population transfer efficiency is observed. This is
different to the result in reference [14], where each of the
two lasers with Rabi frequencies comparable to or larger
than the difference of the two transition frequencies inter-
acts with each of the pair of states, and the pulse durations
are much larger than optical periods. Detailed calculations
show that in order to realize perfect and robust popula-
tion transfer for the case with large Rabi frequencies and
w3z, one can tune the carrier frequencies of the laser fields
in a certain range without the need of one-photon or two-
photon resonance.

In conclusion, in contrast to the general thought that
the most efficient population transfer in the A-type three-
level system with the STIRAP technique under the RWA
would be obtained with the one-photon resonances or two-
photon resonance and the initial optical phases of the
pump and Stokes laser fields are irrelevant to the pop-
ulation transfer, we demonstrated that the maximal pop-
ulation transfer driven by the few-cycle pump and Stokes
laser pulses may be realized without the satisfaction of the
one-photon resonances or two-photon resonance and the
transfer efficiency depends critically on the Rabi frequen-
cies and initial phases when the peak Rabi frequencies
are much larger than the respective transition frequen-
cies. Moreover, complete and robust population transfer
can still be obtained with the variations of the Rabi fre-
quencies, pulse durations, and one-photon or two-photon
detuning in a moderate range, though a substantial tran-
sient population may reside in the excited state. These
abnormal results come from the counterrotating terms,
which are usually neglected in the rotating wave approxi-
mation.
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