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High-intensity optical-field population transfer between eigenstates
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Two types of coherent population transfer are developed using nonresonant intense
ultrashort optical pulses. Transition-restricted wave-packet interference (WPI) achieves
almost complete population transfer to the nearest state from the initial state. High-intensity
optical-field population transfer between eigenstates (HOPE) also enables state-selective
excitation of higher-lying states, exhibiting features of ac Stark-induced multiphoton Rabi
oscillation and multipulse WPI. Experimentally, rotational excitation of nitric oxide from
J = 1/2 to J = 3/2 via restricted WPI, and to J = 5/2, 7/2, and 9/2 via HOPE, was
demonstrated with respective efficiencies of 90%, 85%, 70%, and 17%.

DOI: 10.1103/sy5j-g2cq

I. INTRODUCTION

Creation of atomic or molecular ensembles, where the population is concentrated in a single or
restricted quantum state(s), plays a crucial role across a wide range of fields, including ultracold
photoassociation [1], state-selected collision experiments [2–5], and spectroscopic research [6].
Coherent population transfer, enabling highly efficient (de)excitation into target quantum states,
is the best approach that achieves desired ensembles. One of the most widely adopted schemes for
population transfer is Rabi oscillation, which originated from the early work employing spatially
modulated magnetic fields [7]. This concept later became prevalent in the optical regime and
has recently been observed even in the extreme ultraviolet region [8,9]. Beyond single-photon
coupling, two-photon Rabi oscillations have also been reported [10,11]. Rabi oscillations, typically
modeled as the dynamics of a two-level system, are powerful tools in simple quantum systems
such as qubits [12]. Adiabatic passage using narrow-band, coherent radiation sources provides
more robust alternatives. Stimulated Raman adiabatic passage (STIRAP) is one of the most widely
used methods based on adiabatic passage, but it requires an appropriate intermediate state and
two single-longitudinal-mode frequency-tunable lasers [1,6,13–17]. Stark-induced adiabatic Raman
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passage (SARP), which utilizes nonresonant Raman processes, avoids the need for real intermediate
states and reduces the required number of frequency-tunable lasers [4,5,18–20]. While STIRAP
and SARP are both two-photon Raman processes, there have been reported several rapid adiabatic
passage approaches that rely on one-photon absorption [2,3,21]. Multiphoton schemes for Rabi
oscillations and adiabatic passages have been explored theoretically [22–24], with only a few
experimental demonstrations of nonlinear population transfer [25,26]. One of the key limitations
in achieving population transfer to arbitrary eigenstates is the selection rules governed in one- and
two-photon transitions. In addition, each transfer step usually requires one or two frequency-tunable
radiation sources.

Ultrafast lasers are another class of coherent light sources and powerful tools for coherent
excitation in multilevel systems [27,28]. They have significant potential for excitation to higher-
lying states with a single laser pulse. The broadband nature of ultrashort pulses enables coherent
mixing of multiple eigenstates to create a quantum wave packet and offers the possibility to tailor
the contributions of individual states in constructing the wave packet. Optical centrifuges [29,30] are
powerful tools for generating molecular ensembles containing ultrahigh-J rotational states; however,
their primary aim is rotational ladder climbing rather than concentrating the population in a single
target state. For population transfer, two main approaches are available: wave-packet interferometry
(WPI) [31–33] and pulse-shaping control [34–36]. These methods have been extensively studied,
particularly for impulsive Raman excitation of rotational states, whose transition energies (typically
less than a few tens of cm−1) lie within the bandwidth of ultrashort laser pulses. The latter method
has achieved an excitation efficiency of nearly 60% in nitric oxide (NO) for population transfer from
the rotational level J = 1/2 to 5/2, as shown in Ref. [36]. Our group has also obtained the result
showing a comparable excitation efficiency for the same transition in NO using WPI [33]. However,
complete population transfer remains challenging for both approaches due to scattered population
distribution caused by the broadband nature of ultrashort pulses.

Here, we demonstrate two types of coherent population transfer: transition-restricted WPI and
a new method, high-intensity optical-field population transfer between eigenstates (HOPE). These
approaches are applicable to multilevel quantum systems and enable an efficient, state-selective
transfer. Numerical calculations illustrate the concepts and underlying mechanisms. Both methods
rely on nonresonant Raman interactions enabled by sufficiently intense optical fields. HOPE is
conceptually related to spectral focusing [37] and the constant-frequency optical centrifuge [38],
in that these methods also use chirped-pulse pairs to generate frequency differences. However, the
former has mainly been used for spectroscopic applications and the latter has mainly been used for
low-acceleration rotational excitation of molecules in helium droplets: Neither of them has taken
state-population control into account. Experimentally, we employ a femtosecond-derived pair of
broadband, chirped ps pulses with tunable delay, whose high pulse energy and broad bandwidth
facilitate access to a wide range of eigenstates.

II. THEORETICAL FRAMEWORK

A. Transition-restricted wave-packet interferometry

The strategy of the transition-restricted WPI is quite simple. When we adopt impulsive excitation
by a single optical pulse, the generated wave packet usually consists of multiple eigenstates in case
its pulse width is short enough. The state distribution can be controlled via interference between two
identical wave packets created by a pair of short pulses by changing the mutual delay between the
pulses. In general, complete concentration of population into a single eigenstate is hardly achieved
in the WPI involving multiple eigenstates (see the Supplemental Material [39] for more details).
However, if we properly adjust the pulse width and the field intensity, each of the two wave
packets is composed of only two eigenstates, i.e., the initial and its nearest-neighbor states, with
equal populations (1:1). Then, in the WPI within a two-level system, the excitation probability can
be continuously tuned from 0% to 100% by varying the delay for the pulse pair, as a result of
destructive-constructive interference.
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FIG. 1. (a) Energy-level diagram for a model system, where allowed Raman coupling pathways are
indicated as double-sided arrows. (b) Schematic two-dimensional (2D) map along time and frequency for
induced Raman excitation pulses, applied to the system shown in panel (a).

B. High-intensity optical-field population transfer between eigenstates

Next, we explore whether complete population transfer to higher-lying states can be realized
even without direct coupling between the initial and target states, by numerically solving the time-
dependent Schrödinger equation (TDSE) for a model system. We adopt atomic units throughout
to describe the theoretical approach. The system consists of four states, |n〉 = |1〉, |2〉, |3〉, and |4〉,
with their eigenenergies arbitrarily set to 0, 1, 3, and 6, respectively, as shown in Fig. 1(a). Here, we
consider induced Raman scattering (IRS) processes driven by linearly polarized pulses, where ex-
citation is mediated by the polarizability (induced-dipole) interaction, V̂ = − 1

2αZZ [EZ (t )]2, where
αZZ is the system polarizability and EZ (t ) is the optical field along the space-fixed Z direction. We
arbitrarily set the transition matrix elements for the polarizability 〈n|αZZ |m〉 to be 1 for m = n ± 1,
while 0 for others.

The electric field in the IRS process consists of two components, pump and Stokes, i.e., EZ (t ) =
EP(t ) + ES(t ), where EP/S(t ) is the pump (P) or Stokes (S) field. Here, we assume both fields share
the same amplitude E0 and the same envelope function (assumed here as of a Gaussian form with the
pulse duration of τ ), as shown in Fig. 1(b), and both the angular frequencies ωP and ωS are far from
one-photon resonance. Then, the interaction term is recast into V̂ = − 1

4αZZ [F (t )]2, by averaging
the rapidly oscillating term, where F (t ) = E0 exp[−(t/τ )2] cos(�ωt/2) is the slowly varying field
amplitude with �ω ≡ ωP − ωS .

We investigate the dependence of the final populations on the field amplitude E0 and the
angular-frequency difference �ω, as shown in Fig. 2. Here, the initial population was assumed
to be concentrated in the lowest state |1〉. In the 2D maps, blue and yellow areas correspond to the
conditions achieving the populations ≈0 and 1, respectively. Interestingly, most of blue “islands” in
the map for state |1〉 [panel (a)] match with yellow islands out of the three maps [panels (b)–(d)].
This means the population from the initial state is almost exclusively transferred to each of the three
upper states at certain values of E0 and �ω. Conditions for the efficient population transfer appear
as vertical arrays of yellow islands in panels (b)–(d). For instance, state |2〉 exhibits population
modulation (between 0 and 1) against E0 for �ω = 1.00, as shown in the right-hand plot of panel
(b). This is a clear manifestation of two-photon Rabi oscillation. Since the interaction term V̂
is proportional to the square of the field amplitude, the oscillation frequency becomes faster for
larger E0. Importantly, similar oscillations also appear in states |3〉 and |4〉, despite the absence of
direct coupling with the initial state. Right-hand plots of panels (c) and (d) exhibit such oscillatory
behavior of populations in |3〉 and |4〉 at �ω = 1.53 and 2.22, respectively. These resonance angular
frequencies are approximated by

�ω ≈ �ωm,n

N
, (1)
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FIG. 2. 2D maps of the state populations as functions of the field amplitude E0 and the angular-frequency
difference �ω for (a) state |1〉, (b) state |2〉, (c) state |3〉, and (d) state |4〉, respectively. The pulse duration is
fixed at τ = 50. The line cuts at fixed values of �ω (1, 1.53, and 2.22), indicated by the white dotted lines, are
shown in the right-hand plots for (b) state |2〉, (c) state |3〉, and (d) state |4〉.

where �ωm,n is an angular-frequency difference between states m and n, and N is a positive integer.
This behavior can be interpreted as a resonance between the Floquet states |α, q〉 = |m, 0〉 and
|n, N〉, where α and q are atomic/molecular and Floquet indices, respectively. Such population
transfer is analogous to an effective N-photon resonance in dipole-driven systems under strong-field
interaction [40]. The resonances for states |3〉 and |4〉 are deviated from Eq. (1), in particular, for
higher E0. This behavior can be attributed to the ac Stark shift.

To gain an intuitive picture of the population-transfer mechanism, we examine the population
dynamics. Figure 3 represents time dependence of state populations as well as the amplitude of
the optical field exerted on the system. Panels (a)–(c) correspond to the cases where �ω and E0 are
optimized to achieve complete population transfer (i.e., with >99 % efficiency) from the initial state
|1〉 to the target states |2〉, |3〉, and |4〉, respectively. The field amplitudes are sinusoidally modulated
over a Gaussian envelope. They can be regarded as trains of equidistant subpulses, whose peak
heights are smoothly changed. The mutual intervals between the subpulses are 2π/�ω. The state
populations exhibit stepwise changes in accordance with the pulse-train intervals. This behavior is
explained as a result of sequential interferences between wave packets created by single subpulses.
In particular, Fig. 3(b) clarifies the dynamics of population transfer from |1〉 to nondirectly coupled
|3〉. At early stage, population of |2〉 gradually builds up, and when its population reaches to some
extent, |3〉 starts growing due to the coherent coupling with |2〉. The intervals between the subpulses
match with 2π changes of relative phases between |1〉 and |3〉, resulting in the accumulation of the
population of |3〉 by constructive interferences and reaching to the complete population transfer.

III. APPLICATION TO ROTATIONAL EXCITATION OF NITRIC OXIDE

A. Numerical simulation

To experimentally demonstrate the HOPE scenario proposed above, we take NO molecules as
the target system. The rotational energy-level diagram of NO in its X2�1/2 lowest vibronic level is
shown in Fig. 4(a). The preceding consideration with the simple model adopted the pump and Stokes
fields as Fourier-transform-limited (FTL) Gaussian pulses with variable frequency difference. Since
such a pulse pair is practically demanding to prepare, we implement a pair of chirped pulses
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FIG. 3. Time variations of the state populations and the field amplitude for (a) �ω = 1.00, (b) �ω = 1.53,
and (c) �ω = 2.22. The pulse duration τ is 50.
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FIG. 4. (a) Rotational energy levels of NO in the X2�1/2 manifold, with allowed Raman coupling path-
ways. Here, B is the effective rotational constant. (b) Schematic time-frequency 2D map for a pair of chirped
pulses, applied to control the rotational dynamics of NO.
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FIG. 5. 2D maps of the state populations in NO (X2�1/2) as functions of the laser-pulse fluence and the
interpulse delay �t for (a) J = 1/2, (b) J = 3/2, (c) J = 5/2, (d) J = 7/2, and (e) J = 9/2. The central
frequency was set at 379 THz (790 nm), and the spectral bandwidth (intensity FWHM) was 12.3 THz,
corresponding to a 36-fs FTL pulse. The stretched pulse duration was set to 9 ps.

with variable mutual delay, as shown in Fig. 4(b). In a linearly chirped pulse, its instantaneous
optical frequency is given as ν(t ) ≡ ω(t )/2π = ν0 + k(t − t0), where ν0, t0, and k are the center
frequency, the time offset, and the chirp rate, respectively. When an FTL Gaussian pulse is chirped,
the magnitude of k is represented as

|k| = 4 ln 2

2π

√
τ 2

str − τ 2
FTL

τ 2
str τFTL

, (2)

with τstr and τFTL being the stretched and FTL pulse durations, respectively. The frequency differ-
ence between a pair of chirped pulses with mutual delay �t is given as �ν(t ) = k�t , which is
constant against t . The effective difference wave number (in cm−1 unit) is

�ν̃ = �ν

100c
= k �t

100c
, (3)

where c is the speed of light. Then, once the chirp rate k is appropriately set by adjusting the
stretched pulse duration τstr as given in Eq. (2), the difference wave number can be tuned by simply
changing the interpulse delay �t .

To determine the appropriate laser parameters, we conducted TDSE calculations on the rotational
dynamics in NO (X2�1/2) [39]. The nonresonant polarizability interaction in this molecular system
governs the rotational selection rules for IRS as �J = ±1 and ±2. It is noted that �J = ±2
pathways dominate those for �J = ±1 as J becomes larger [33]. The laser field was modeled as
a pair of chirped Gaussian pulses with an adjustable interpulse delay �t . The FTL and stretched
pulse durations were set to 36 fs and 9 ps, respectively, to meet the experimental constraints. The
corresponding chirp rate was 1.36 × 10−6 fs−2. The results are shown in Fig. 5, where the initial
population was set concentrated in the lowest J = 1/2 state. Similar to Fig. 2 for the model system,
yellow islands appear in the maps for all the excited rotational levels [panels (b)–(e)]. This verifies
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FIG. 6. Excitation schemes for (a) transition-restricted WPI and (b) HOPE. R2PI spectra of the 0–0 band
of the A2	+ ← X2�1/2 transition in NO: (c) without excitation pulses, (d) with transition-restricted WPI to
J = 3/2, (e) with HOPE to J = 5/2, (f) with HOPE to J = 7/2, and (g) with HOPE to J = 9/2. The rotational
assignments are based on Refs. [43,44]. The optical parameters set at recording of the spectra are given in the
text.

the high population transferability even into J = 7/2 and 9/2, which are not directly connected via
IRS pathways to the initial state. The oscillatory behavior against the laser fluence is partly evident
in the map for J = 5/2 [panel (c)] at the delay of 290 fs. By consulting the maps, we selected
the optimum values for the stretched pulse durations, fluences, and delays. Specifically, optimum
delays for J = 3/2, 5/2, 7/2, and 9/2 are ∼110, 290, 550, and 480 fs, respectively. The corresponding
difference wave numbers �ν̃ are calculated to be 5.0, 13.2, 25.0, and 21.8 cm−1 from Eq. (3). They
follow the resonance condition given in Eq. (1), i.e., �ν̃ = (EJ − E1/2)/N , where EJ = B(J + 1/2)2

is the rotational term value for J , with B = 1.696 cm−1 being the effective rotational constant of NO
in the X2�1/2 manifold [41]. The Floquet index difference N is 2 for J = 9/2 while 1 for other J .

B. Experimental method and results

The experimental approach in the present study is similar to those adopted in our previous
studies, where nonresonant intense ultrashort pulse(s) induces coherent rotational excitation and the
resultant state distribution is probed by recording resonance-enhanced two-photon ionization (R2PI)
spectrum [33]. Specifically, a near-infrared excitation pulse (≈790 nm) and a counterpropagating
ultraviolet probe pulse (≈226 nm) were tightly focused onto a supersonic molecular beam of
NO diluted in helium. The linearly polarized excitation pulse was delivered from a commercial
femtosecond amplifier, and its duration was adjusted using the built-in pulse compressor. The pulse
durations were characterized using second-harmonic-generation frequency-resolved optical gating
(SHG-FROG) [39], and the FROG traces were retrieved using the common pulse retrieval algorithm
(copra) code [42]. The output was then directed into a Michelson interferometer equipped with an
optical delay line to generate a pair of pulses. The probe pulse was a frequency-doubled output from
a commercial nanosecond dye laser with the frequency bandwidth of ≈0.1 cm−1. It was linearly
polarized parallel to the excitation pulses and delayed by 200 ns relative to the excitation pulses. To
determine the population of each rotational state, R2PI spectra of the 0–0 band of A2	+ ← X2�1/2

transition in NO were recorded using a time-of-flight mass spectrometer by scanning the probe-pulse
wavelength. The rotational assignments of the observed lines are based on Refs. [43,44].

Two excitation schemes for the coherent population transfer adopted in the present study are
shown in Figs. 6(a) and 6(b). The R2PI spectrum without the excitation pulse is shown in Fig. 6(c),
where only three peaks appear. They are assigned to the transitions from the lowest J = 1/2 level,
confirming the population concentration into the single initial state.
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For the population transfer to J = 3/2, we initially tried to apply the HOPE approach, but the
transfer efficiency was quite low. This is essentially because the efficiency depends sensitively on the
relative optical phase between the two chirped pulses in case of small interpulse delay. As described
in detail in the Supplemental Material [39], the population is altered by almost 40% with 1.4 fs shift
in the interpulse delay. The present experimental setup did not include active phase stabilization and
thus the target-state population suffered from averaging over the fluctuating phase. An alternative
approach would be to use more strongly stretched pulses that contain multiple beat cycles, which
would reduce the sensitivity of the temporal pulse shape to the relative phase. However, our
apparatus did not have these capabilities. So, we switched to the transition-restricted WPI, where
the excitation-pulse duration (FWHM) was stretched to 2.2 ps and the interpulse delay was set to
around 6 ps. The spectrum thus obtained with an estimated double-pulse fluence of ∼80 mJ mm−2

is shown in Fig. 6(d), where four peaks of the transitions from J = 3/2 become prominent while
the transitions from J = 1/2 almost disappear. The excitation efficiency is estimated to be 90%
based on the integrated intensity ratio of the R21(3/2) line against R21(1/2) and the corresponding
rotational line strengths [45].

The HOPE approach has been applied to the population transfer into J = 5/2, 7/2, and 9/2. We
note that the experimentally available double-pulse fluence was ∼180 mJ mm−2 at maximum. The
TDSE calculation estimated the optimum fluence for J = 5/2 to be ∼80 mJ mm−2, which was well
below the experimental limit. So, we adjusted the output from the fs laser system and recorded
R2PI spectrum, as shown in Fig. 6(e). There appear four dominant transitions from J = 5/2, while
those from J = 1/2 and 3/2 are hardly observed. The optimized delay was 280 fs. The excitation
efficiency was evaluated to be 85% from the line intensity ratio.

For J = 7/2 and 9/2, the optimum fluence was estimated above ∼200 mJ mm−2, beyond the
experimental limit. Then, we recorded R2PI spectra with maximum laser fluence (∼180 mJ mm−2)
with delays at 580 and 510 fs, which were optimized for J = 7/2 and 9/2, respectively. The results
are shown in Figs. 6(f) and 6(g). The excitation efficiency for J = 7/2 was evaluated to be 70%,
much degraded from complete population transfer. Still, state-selective nature was maintained, as
evidenced by no appearance of transitions from other than J = 1/2 or 7/2. The transfer efficiency
was quite low (17%) for J = 9/2, since the applied laser fluence was much below the optimum value
(∼300 mJ mm−2). State selectivity was also largely deteriorated, as evidenced by the transitions
from J = 3/2 appearing in the spectrum.

We note that the strong-field ionization by the chirped excitation pulses was below the detection
limit at the laser fluence of ∼80 mJ mm−2. When the fluence was raised to its maximum (∼180
mJ mm−2), weak ion signals induced by the excitation pulses were observed. However, we have
verified that possible modification of population by strong-field ionization was negligible even at
the limit condition, by confirming that no detectable change was observed in R2PI spectra recorded
without and with the excitation pulses, of which interpulse delay was set so that no population
transfer arose.

IV. DISCUSSION AND CONCLUSION

A. Floquet-state interpretation of HOPE

1. Reference case: Rabi oscillation in the Floquet picture

Before discussing HOPE, it would be beneficial to recall the two-level Rabi problem in a form
that emphasizes the phase evolution of Floquet eigenstates. Here, we introduce a Floquet-state
interpretation that will be generalized below. The Rabi problem can be formulated in terms of
Floquet states [46,47]. We consider a two-level system consisting of two bare states coupled by
a resonant field. In Floquet theory, a periodically driven two-level system described by a 2 × 2
time-dependent Hamiltonian H (t ) can be recast as a time-independent Floquet eigenvalue problem
in an extended Hilbert space spanned by the material states and Fourier indices. After truncating the
Fourier basis to M components, the Floquet Hamiltonian HF is represented by a 2M × 2M matrix.
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The basis vectors are written as |α, n〉, where α = 1, 2 labels the bare material state and the integer
n denotes the Floquet index, i.e., the Fourier index in the Floquet expansion.

In the resonant case, the two states |1, n〉 and |2, n − 1〉 are degenerate in the absence of coupling.
The full Floquet Hamiltonian is defined in the extended Hilbert space spanned by the basis states
|α, m〉 and is, in principle, infinite-dimensional with respect to the Floquet index m. Near resonance,
however, the dynamics is dominated by the nearly degenerate pair |1, n〉 and |2, n − 1〉. Projecting
the Floquet Hamiltonian onto this resonant subspace, the effective Hamiltonian is written as

Heff =
(

nh̄ω H12

H∗
12 �E + (n − 1)h̄ω

)
, (4)

where �E = E2 − E1 is the bare energy splitting. At exact resonance, �E = h̄ω, the two diagonal
elements become degenerate. The eigenvalues are then

ε± = nh̄ω ± |H12| = nh̄ω ± h̄�R

2
, (5)

where �R = 2|H12|/h̄ is the Rabi frequency. The corresponding Floquet eigenstates are written as

|ψ±〉 = 1√
2

(|1, n〉 ± |2, n − 1〉). (6)

If the initial state can be written as the basis vector |1, n〉, the time-evolved state can be represented
as a superposition of the two Floquet eigenstates:

|
(t )〉 = 1√
2

(|ψ+〉 + e−i�Rt |ψ−〉). (7)

As a result, the population P1 − P2 oscillates between 1 and −1. Here, Pα = ∑
m | 〈α, m〉 
|2 is the

material-state population obtained by summing over the Floquet index. In its standard formulation,
Floquet theory applies to Hamiltonians that are periodic in time [40,48]. Nevertheless, the Floquet
picture is useful for interpreting strongly driven systems in terms of dressed states. For pulsed fields,
the same idea may be used as an instantaneous Floquet-state picture, with the effect of the pulse
envelope treated through the time dependence of the instantaneous Floquet states [49,50].

2. Generalization of Rabi oscillation to a multilevel system in a strong field

The Floquet-state view of Rabi oscillation can be generalized to a strongly coupled multilevel
system. In such a system, the population-transfer dynamics is determined not only by the direct
coupling between the field-free initial and final states but also by the Floquet eigenstates formed
under the strong field. This distinction is central to HOPE because population transfer can occur
even when the target state is not directly coupled to the initial state in the bare-state basis. These
Floquet eigenstates contain the initial |αi, n〉, final |α f , n − N〉, and intermediate components such
as |αm, nm〉, thereby providing effective coupling pathways between states that are not directly
coupled in the bare basis. In this sense, the mechanism is related to the ac Stark effect: Off-resonant
allowed couplings to intermediate states can induce not only diagonal light-induced shifts but also
effective off-diagonal couplings between otherwise uncoupled states. In the Floquet picture, both
effects are incorporated into the quasienergies and eigenstates of the Floquet Hamiltonian.

The resonance condition Nh̄ω = E f − Ei makes the two components |αi, n〉 and |α f , n − N〉
degenerate in the Floquet basis. The interaction lifts this degeneracy and splits the quasienergies
of the two corresponding Floquet eigenstates, as represented in Eq. (6). A state expressed as a
superposition of these two Floquet eigenstates then evolves through their time-dependent relative
phase, as shown in Eq. (7). Projecting this state vector onto the bare-state basis gives Rabi-like
population transfer.

Because the discussion so far does not assume a specific form of interaction, the concept of HOPE
is, in principle, not limited to Raman interactions. Moreover, although this discussion is based on
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(b)
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state 9 state 10

FIG. 7. (a) Adiabatic population dynamics between J = 1/2 and 9/2 of NO in the 2�1/2 ground-state
manifold. States 9 and 10 correlate with |1/2, 0〉 and |7/2, −1〉, respectively, in the absence of the optical
interaction. Here, the initial population is set to be concentrated in state 9. The population is exclusively
transferred into state 10, and other states essentially gain no appreciable population. (b) Quasienergy curves
of states 9 and 10. The two states make two avoided crossings, and population dynamics across the crossings
is schematically represented. Here, constructive interference between the two bifurcated populations results in
the complete population transfer.

the Floquet picture for a time-periodic field, pulsed lasers provide a practical way to realize the
high-intensity field needed for strong effective coupling. In this paper, we consider the experimental
implementation based on the double-chirped-pulse method; therefore, we focus below on rotational
Raman excitation in a pulsed field.

3. HOPE for NO rotational excitation by double-chirped-pulse method

To clarify the transfer mechanism under time-varying optical coupling, we analyzed the dy-
namics using an instantaneous Raman-Floquet basis constructed from the cycle-averaged Raman
Hamiltonian. The details of the construction are given in the Supplemental Material [39]. Figure 7(a)
shows the dynamics of adiabatic populations, where 25 basis states with J = 1/2, 3/2, . . . , 9/2 and
n = −2,−1, . . . , 2 are included. Here, n ≡ nP − nS denotes the Floquet index for the beating com-
ponent, with nP and nS being the Floquet indices of the pump and Stokes components, respectively.
The delay between the double-chirped pulses was set to 550 fs so that the energy corresponding
to the beat frequency nearly matches �E = E7/2 − E1/2. In the absence of interaction, states 9
and 10 correlate with |1/2, 0〉 and |7/2,−1〉, respectively, and their unperturbed quasienergies are
separated by only 0.4 cm−1, as shown in Fig. 7(b). Before the interaction, state 9 is fully populated.
At the beginning and the end of the interaction, states 9 and 10 form avoided crossings, and almost
half of the population is transferred to state 10 at the first avoided crossing. The relative phase
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between states 9 and 10 changes during the interaction, and the population after the second avoided
crossing is concentrated in state 10 in the case of constructive interference. Thus, in the field-free
limit, the final population fully resides in the rotational state corresponding to |7/2,−1〉. Ultimately,
the quasienergy splitting, phase evolution, and recombination of the two adiabatic states result in the
complete population transfer in this instantaneous adiabatic-state picture. Conventional pulsed Rabi
oscillation, including the one-photon interaction case, can also be interpreted in the instantaneous
Floquet picture as nonadiabatic branching and recombination of the wave packet, accompanied by
relative-phase evolution between the Floquet components. Thus, the population-transfer dynamics
discussed here can be regarded as a multilevel generalization of pulsed Rabi oscillation.

B. Practical aspects of HOPE

Here, we discuss the applicability of HOPE and the practical limitations that may arise in
experimental implementations. The population-transfer efficiencies in our experiment were 85%,
70%, and 17% for J = 5/2, 7/2, and 9/2, respectively. These values demonstrate that HOPE can
induce highly efficient population transfer, while also indicating that optimization of the excitation
conditions becomes important for extending the transfer to higher rotational states. Another practical
advantage is that the double-chirped field can be prepared simply by introducing a delayed replica
of a single chirped pulse.

The experimentally available peak intensity and fluence of the excitation pulses are important
practical constraints on the efficiency of HOPE. The maximum peak intensity to be applied is limited
by the onset of nonresonant ionization. For the transfer to J = 5/2, the effective coupling strength is
proportional to the laser intensity, since the initial and final states are two-photon coupled directly,
and the complete population-transfer condition is determined by the time-integrated intensity, i.e.,
the fluence. Then, the peak intensity can be reduced to suppress undesired ionization by stretching
the pulse duration, while keeping the fluence unchanged and maintaining the high population-
transfer efficiency. Actually, undesired ionization was ignorable at the laser fluence applied for
J = 5/2 (∼80 mJ mm−2), as mentioned above. The experimental excitation condition was set close
to the optimal (giving the transfer efficiency >99%) predicted by the ideal TDSE calculation (i.e.,
with the excitation pulses of a smooth Gaussian-like envelope). The almost complete population
transfer was also verified with the retrieved pulses from SHG-FROG (see the Supplemental Material
[39] for more details). Thus, the observed efficiency of 85% was limited mostly by experimental
factors, such as shot-to-shot laser intensity fluctuations, the nonuniform intensity distribution of the
excitation pulses in the probed region, and imperfect spatial overlap between the pump and probe
pulses, rather than by the HOPE transfer mechanism itself.

For J = 7/2 and 9/2, the present experimental setup is incapable of realizing the complete
population transfer. If the pulse duration is kept as 9 ps (the maximum available for the setup), the
optimum laser fluences are estimated to be ∼200 and 300 mJ mm−2, respectively, for J = 7/2 and
9/2. However, ionization with excitation pulses became detectable at ∼180 mJ mm−2 and increasing
the fluence should not be effective with the same pulse duration. For the transfers to J = 7/2 and
9/2, there is no direct two-photon Raman coupling between the initial and target states. In the
TDSE calculations, the optimal fluence for these transfers increases with pulse duration, in contrast
to the nearly constant optimal fluence for J = 5/2. This dependence appears to be consistent
with that expected for higher-order Raman coupling. Importantly, the Floquet-index difference N
that determines the resonance condition in HOPE is not necessarily identical to the order of the
effective Raman coupling in a perturbative expansion. For a conventional K th-order Raman process
involving repeated interactions with the same beat-frequency component, the resonance condition
is �ω ≈ �ωm,n/K , whereas in HOPE the Floquet-index difference N determines the resonance
condition �ω ≈ �ωm,n/N , as given by Eq. (1). In the strong-field regime relevant to HOPE, the
off-diagonal Raman couplings become sufficiently strong to produce substantial mixing of multiple
bare-state components in the Floquet eigenstates. The resulting population transfer is understood as
a multilevel generalization of Rabi dynamics through the phase evolution and interference of these
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Floquet states, rather than being based on sequential population transfer through the intermediate
molecular eigenstates. We consider this realization of nonperturbative multilevel Rabi dynamics
to be a distinct physical feature of HOPE, in contrast to a perturbative expansion picture for
higher-order Raman coupling.

The temporal waveform of the pulse also affects the efficiency of HOPE. In the instantaneous
adiabatic-state picture, the key processes in HOPE can be interpreted as avoided crossings formed
by time-dependent effective Raman coupling, nonadiabatic transitions through these crossings, and
the resulting interference. If the actual pulse deviates from the ideal waveform, the two nonadiabatic
transitions can become asymmetric. As a result, population can remain in the initial state, thereby
reducing the transfer efficiency. The TDSE calculations also show the appreciable population
leakage into intermediate states in the case of excitation with nonideal pulses, even if the condition
is optimized (see the Supplemental Material [39] for more details). Deformation of pulse waveform
may originate from distortion of the temporal envelope or from nonideal spectral intensity and
spectral phase. Pulse-shaping control may be useful for generating a constant-period beat waveform
with a smooth Gaussian-like envelope that is suitable for the desired population-transfer dynamics.

In the present study, population control has been explored among rotational states exclusively
within the 2�1/2 ground-state manifold of NO with v = 0. The excitation pulses are far off-resonant
from any vibrational or electronic transitions of NO. So, we do not have to consider involvement of
upper vibronic states. Rotational energy levels of the molecule are so sparse that Raman coupling
dynamics among them can be interpreted in the instantaneous adiabatic-state picture. For heavier
molecular systems, rotational energy levels may be so congested that state-selective population con-
trol is difficult. In this situation, the pulse duration should be stretched to narrow the instantaneous
bandwidth.

C. Conclusion

In conclusion, we theoretically examined and experimentally verified two types of coherent
population transfer based on the wave-packet interference and multiphoton Rabi oscillation driven
by the induced Raman scattering. By appropriately optimizing the optical parameters, highly
efficient state-selective population transfer was realized between rotational eigenstates of NO in its
X2�1/2 vibronic manifold using a pair of chirped pulses. The transfer efficiencies from the lowest
initial J = 1/2 state to the three nearest-neighbor target states were 90%, 85%, and 70%, much
improved from the previous pulse-shaping study (�60% for J = 5/2) [36].

One important consequence of the multilevel Rabi dynamics of HOPE is that it can access target
states that are not directly coupled to the initial state in the bare-state basis. It will be applied
to prepare atomic/molecular ensembles residing in a quantum level with high excitation energy. In
addition, utilization of ultrashort pulses allows us to execute coherent population transfer in systems
where an ensemble of different quantum states resides in an initial condition. In particular, it will
be highly valuable to realize the efficient population transfer of an ensemble in different rotational
states in the vibrational ground state to highly excited vibrational levels. Even in the transfer from
a single rotational level, multiple components have to be considered as an initial state if fine and/or
hyperfine splittings are involved. When a narrow-band light source is used, a part of the multiple
components is only subjected to population transfer [51]. In the case of HOPE, the final states will
be superpositions of the split components, and the evolution of the resulting wave packets will be
observed as hyperfine depolarization, similar to our previous report [52].

A future extension will allow HOPE to serve as a powerful coherent control technique for mul-
tilevel quantum systems. In particular, a creation of quantum wave packets composed of arbitrarily
selected two eigenstates will be realized by appropriately adjusting the optical parameters, e.g.,
pulsed field strength. Its ability to drive state-selective coherent coupling beyond the constraints of
optical selection rules could form the basis for advanced reaction control and high-speed selective
gate operations in quantum computation.
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