
JOURNAL OF MODERN OPTICS, 2017
VOL. 64, NOS. 10–11, 1042–1053
https://doi.org/10.1080/09500340.2016.1278282

Simultaneous observation of transient and final state dynamics in ultrafast
strong-field excitation via time-resolved photoelectron spectroscopy

Hendrike Brauna, Tim Bayerb, Dominik Pengelb, Matthias Wollenhauptb and Thomas Baumerta

aInstitut für Physik, Universität Kassel, Kassel, Germany; bInstitut für Physik, Carl von Ossietzky Universität Oldenburg, Oldenburg, Germany

ABSTRACT
Strong-field coherent control deals with the efficient excitation of a quantum system into a
preselected final state. In order to understand the underlying control mechanisms, the transient
dynamics of the laser-dressed states need to be considered in addition. In this paper, we present a
route towards a complete picture of non-perturbative coherent control. To this end, we study near-
resonant chirped excitation of potassium atoms as a model system for resonant strong-field control.
Combining a two-colour pump–probe schemewith photoelectron spectroscopy, we simultaneously
observe final state and transient excitation dynamics in the strongly driven atom. As demonstrated
on the prototype scenario, the scheme enables a detailed understanding of the physicalmechanisms
governing the interaction.Our results highlight thepowerof two-colour time-resolvedphotoelectron
spectroscopy to shed light onto the different aspects of non-perturbative coherent control.
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1. Introduction

Traditionally, coherent control is interested in the selec-
tive excitation of a quantum system into a desired final
state after the interaction with a suitably shaped ultra-
short laser field (1–3). The actual control takes place dur-
ing the coherent interaction. Strong-field interactions,
associated with efficient population transfer, lead to a
significant distortion of the system’s energy landscape
due to the dynamic Stark effect. This makes an analysis
of the physical control mechanism only on the basis of
the bare system states, i.e. the eigenstates of the unper-
turbed system, difficult. In strong-field control, the
transient dynamics of the laser-dressed states, i.e. the
eigenstates of the interacting system, need to be con-
sidered in addition. Recently, we demonstrated efficient
final state control in molecules by controlling the dressed
state dynamics of the system (4, 5), where the design of
the control fieldswas basedon adetailed knowledge of the
physical mechanism. These experiments underscore the
importance to analyse both the transient dynamics and
the resulting final state populations in order to obtain a
comprehensive picture of strong-field coherent control.
Here, we present experimental studies on strong-field
control exerted via intense chirped femtosecond laser
pulses. Chirped pulses are used as a prototype for shaped
pulses with controllable envelope and time-varying
detuning. The quantum system under study is the potas-
sium atom which serves as a model system for resonant
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strong-field control. In the experiments, we employ a
two-colour pump–probe scheme for time-resolved mea-
surements. The optical scheme is combined with photo-
electron spectroscopy being a sensitive probe of both the
populations and the quantum phase of the coherently
excited system. By this means, we are able to simul-
taneously observe transient and final state dynamics of
the atom interacting non-perturbatively with the shaped
laser pulses.

For resonant interaction, chirped excitation is closely
connected to rapid adiabatic passage (RAP) (6) being
one of the most well-established schemes for efficient
strong-field control. Population inversion via RAP has
been demonstrated on atomic and molecular two-state
and multi-state systems (6–14).

RAP is characterized by highly efficient and robust
population transfer. The physical mechanism is based
on adiabatic interaction between the guiding laser field
and the driven system. The basic requirements are strong
couplings and sufficiently slow field variations in terms of
envelope and detuning. Under adiabatic conditions, the
total system remains in an eigenstate, i.e. in a dressed state
preselected by the initial detuning, throughout the entire
interaction. In this manner, RAP transiently realizes the
selective population of dressed states (SPODS) (15, 16).

In this contribution, we present a detailed investiga-
tion of both the transient and the final state dynamics
induced by intense resonant chirped laser pulses.
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Specifically, we observe population inversion and cre-
ation of superposition states by chirped excitation, tran-
sient dressing of the system and selective population of a
single dressed state. In addition, we investigate the onset
of adiabaticity and deviation thereof to explore further
routes to coherent control in multi-state systems.

The paper is structured as follows. We start in
Section 2 by introducing the excitation scheme of potas-
sium atoms exposed to a sequence of an intense res-
onant control pulse and a time-delayed non-resonant
probe pulse. In Section 3, we describe the experimen-
tal implementation of the two-colour scheme based on
time-resolved photoelectron spectroscopy. Our experi-
mental results are presented in Section 4. The experi-
ments were divided into four separate studies covering
different strong-field excitation scenarios. Initially, we
employed the two-colour set-up to map Rabi oscillations
in the resonantly driven atom (Section 4.1) in order to
calibrate the interaction strength and identify the non-
perturbative excitation regime for the following exper-
iments. Next, we performed time-resolved studies on
non-perturbative chirped excitation to highlight different
aspects of RAP (Section 4.2). In a series of two-colour
pump–probe experiments, we simultaneously measured
the transient and final state dynamics to obtain the full
picture of the control exerted by the chirped pulse. The
third experiment is dedicated to the chirp dependence of
the excitation (Section 4.3). Probing the driven system
either during or after the interaction with the chirped
pulse allows us to examine the influence of the chirp on
the transient dynamics and the final state of the atom,
respectively. Section 5 ends the paper with a brief sum-
mary and conclusion. The appendix contains a study
on photon locking via multi-pulse sequences as a com-
plementary example based on impulsive excitation and
discrete temporal phase jumps.

2. Excitation scheme

Figure 1(a) shows the excitation and ionization schemes
for ground state (4s) potassium atoms interacting with
an intense, λ0 = 790 nm,�t = 30 fs laser pulse (referred
to as IR pump or control pulse) and a weak λp = 570 nm,
�tp = 20 fs laser pulse (VIS probe pulse) which is time
delayed by a variable delay τ . Under near-resonant non-
perturbative excitation by the control pulse, the excited
4p state splits into two dressed states due to the res-
onant dynamic Stark effect. Simultaneous two-photon
ionizationmaps thesedressed states into thephotoioniza-
tion continuum, giving rise to the Autler–Townes (AT)
doublet in the measured photoelectron spectrum (PES)
centred around 0.4 eV (cf. Figure 1(b)). Excitation
exactly on resonance at 768 nmusing bandwidth-limited

(BWL) control pulses leads to a symmetric AT doublet,
indicating equal population of both dressed states. Near-
resonant red-detuned excitation, as in our experiments,
leads to a preferential population of the lower dressed
state and therefore to a slight asymmetry of the AT dou-
blet in favour of the low energetic AT component. Time-
delayed probing of the system by the VIS pulse, τ �
�t, creates additional signals in the PES. Two-photon
ionization from the 4s state creates photoelectrons near
the threshold at about 0.05 eV, mapping the ground state
population. The signal at 1.6 eV maps the population of
the excited 4p state. If the VIS pulse probes the system
during the interaction with the control pulse, i.e. |τ | <
�t, the probe pulse too maps the dressed states rather
than the bare states of the resonantly driven atom (cf.
Figure 1(c) and (d)). In this case, the probe signals also ex-
hibit the AT splitting. Moreover, two-photon ionization
by frequency mixing of control and probe pulses, i.e. si-
multaneous absorption of photons from both pulses, cre-
ates photoelectrons with kinetic energies around 1.0 eV.
Due to the required temporal overlap of pump and probe
pulse, these electrons also map the dressed states, so
that the exact energy of the signals is determined by the
dynamic Stark shift.

For an accurate description of the final state dynamics
observed in Section 4.2.2, the fine structure splitting of
the 4p state into the 4p1/2 and the 4p3/2 states has to be
taken into account. In the potassium atom, the energetic
difference between the 4p fine structure components is
only E3/2 − E1/2 = 7m eV, as compared to the spectral
bandwidth of the IR pulse of�ω > 50m eV (see Figure 7
for an illustration of the potassium fine structure levels
in relation to the laser spectral width). As a consequence,
excitation by the control pulse in general leads to the for-
mation of a bound electron wave packet (17 , 18) beating
with a time period of Tbeat = 2π�/(E3/2−E1/2) = 578 fs
(cf. Section 4.2.2). Another manifestation of the three-
state character of the atom is the emergence of a third
dressed state. Itwas shown that selective populationof the
third dressed state is achieved by discrete spectral phase
modulation in between the two fine structure resonances
(19, 20). However, because in this contribution only con-
tinuous and slowly varying spectral phase modulation
functions (quadratic and sinusoidal) are employed, the
third dressed state plays no prominent role here.

3. Experimental set-up

The experimental two-colour pump–probe set-up is
depicted schematically in Figure 2. Our amplified Ti:Sa
laser system generates femtosecond laser pulses with a
central wavelength of λ0 = 790 nm, an intensity FWHM
of �t = 30 fs at a repetition rate of 1 kHz. After passing
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Figure 1. (a) and (c) Excitation and ionization schemes of potassium atoms interacting with a strong resonant IR femtosecond laser
pulse (red arrows) and a weak non-resonant probe pulse (yellow arrows) time delayed by τ . (b) and (d) Simulated photoelectron spectra
resulting from the laser–atom interaction as depicted in (a) and (c).

Figure 2. Experimental two-colour pump–probe set-up for time-resolved photoelectron spectroscopy. For a detailed description see
main text.

a 50 : 50 beamsplitter, one part of the IR beam is used
to pump an optical parametric amplifier (OPA) which
provides VIS probe pulses with a central wavelength of
λp = 570 nm and a duration of �tp = 20 fs. The other
part enters our homebuilt 4f pulse shaper based on a
liquid crystal spatial light modulator (LC-SLM) (21, 22)
for spectral phase modulation. The shaped IR pulses are
sent via a polarization rotating periscope and a variable
ND attenuator (A) towards the experiment. The VIS
probe pulses pass a variable delay stage (DS) to introduce
the time delay τ and a magnifying telescope (T). The
telescope serves to enhance the probe beam diameter
to about three times the diameter of the control pulse
for tight focussing. By this means, only the central part
of the pump focus is probed to minimize the effect of
volume averaging in the probe signals. Averaging over
the intensity distribution of the pump beam, i.e. over
different excitation volumes, leads to a blurring of non-
robust strong-field effect such as Rabi cycling and photon
locking (14, 19). Pump and probe beams are combined
by a dichroic mirror (DM) and focused collinearly by
an f = 300mm lens (L) into the interaction region of a
magnetic bottle time-of-flight photoelectron spectrome-
ter (MBS). Here, they interact with potassium atoms in
the gas phase froman alkalimetal dispenser source (SAES
Getters). Photoelectrons released during the interaction

are collected by the magnetic bottle and measured with
kinetic energy resolution by anMCP detector in chevron
configuration. Depending on the time delay τ between
IR control and VIS probe pulses, different signals are
observed in the measured PES (see Section 2). The time
delay is continuously variable between τ = −1 ps (probe
before pump) up to τ = +3 ps (probe after pump) in
order to cover several periods Tbeat of the fine structure
beating (see Section 4.2.2) and to avoid unwanted overlap
of the probe pulse with a strongly chirped control pulse
for final state investigations (see Section 4.3.1).

4. Experimental results

In the experiments, we applied the two-colour pump–
probe scheme to highlight different aspects of the strong-
field interaction of shaped IR control pulses with the
atomic system. As a starting point in Section 4.1, wemea-
sured Rabi cycling in the near-resonantly driven atom
using BWL control pulses to gain an overview of the
interaction strength and the onset of non-perturbative
excitation. In Section 4.2, we present results of time-
resolved measurements on RAP using chirped control
pulses but keeping the chirp parameter fixed. The chirp
dependence of the excitation process is addressed subse-
quently in Section 4.3.
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4.1. Rabi oscillations

Themeasurement of Rabi oscillations as a function of the
control pulse energy serves to separate the perturbative
weak-field regime, characterizedby little tonopopulation
transfer, from the non-perturbative regime relevant to
the following experiments on chirped excitation. In order
to identify the onset of the non-perturbative regime, we
measured the final populations of the atomic ground state
4s and resonantly excited state 4p by probing the atom
after the interaction with a BWL control pulse for vari-
ous control pulse energies. The experimental results are
shown in Figure 3. The two-colour photoelectron signals
at 0.05 and 1.6 eV reveal an anti-correlated oscillatory
behaviour of the 4s and 4p population attributed to Rabi
cycling in the near-resonantly driven atom. A complete
population transfer is suppressed by the red-detuning of
the control pulse. Therefore, the observed Rabi oscilla-
tion is not fully modulated. The double-peak contribu-
tion, which appears around 0.4 eV with increasing pulse
energy, is the AT doublet from direct photoionization by
the control pulse. As discussed in Section 2, the slight
asymmetry of the doublet in favour of the low energetic
component is due to the red-detuned excitation which
promotes the lower dressed state during the interaction.
Figure 4 shows simulations based on the numerical
solution of the time-dependent Schrödinger equation for
a three-level atom interacting with the intense IR control
pulse and perturbative two-photon photoionization by
the control probe pulse sequence (20, 21, 23). In order
to match the experimental conditions, we accounted for
residual intensity averaging over the central region of the
IR laser focus, assuming a Gaussian IR laser beam profile
(5). The simulation results are in good agreementwith the
measured data. Simulations performed under idealized
conditions, i.e. for a single laser peak intensity, yield a 50%
larger Rabi oscillation frequency. Thus, in a non-robust
strong-field scenario, such as Rabi cycling, focal regions
of lower intensity need to be included in the calculations
for an adequate modelling of the experimental results.

From the results in Figure 3 we infer that for con-
trol pulse energies larger than 0.1µJ, i.e. a population
transfer of more than 50%, the interaction is definitely
non-perturbative. Therefore, to ensure strong-field inter-
action conditions in the control experiments presented
in the following sections, we chose pulse energies around
0.9µJ. Via the ponderomotive shift in the ionization of
xenon atoms, we determined this pulse energy to cor-
respond to a peak intensity of the BWL pulse of I0 ≈
5 × 1011 W/cm2.
4.2. Time-resolved studies

In this section, we present time-resolved studies on non-
perturbative resonant chirped excitation of the atomic

system. The first experiment (Section 4.2.1) focuses on
the transient, i.e., dressed state dynamics of the driven
atom by overlapping probe and control pulses in time.
In the second experiment (Section 4.2.2), an extended
delay range is scanned to monitor the dynamics of fine
structure wave packets excited by chirped control pulses
of different chirp parameters.

4.2.1. Observation of transient dynamics
Probing the atomat different times during the interaction
with an intense shaped control pulse provides rich infor-
mation on the transient time evolution of the system,
typically in terms of the dressed states, all the way to the
final system state at the end of the control pulse. Figure
5(b) shows PES measured as a function of the time delay
between the probe and a down-chirped control pulse
varied between τ = −655 fs (probe before pump) and
τ = +680 fs (probe after pump). The negative chirp was
introduced by the quadratic phasemaskϕ(ω) = φ2 ·(ω−
ω0)

2 with φ2 = −2000 fs2 and ω0 = 2πc/λ0 applied to
the LC-SLM. The chirp results in a temporal stretching
of the control pulse to a duration of �tchirp = 370 fs
(24). To ensure non-perturbative interaction conditions
(see Section 4.1), the energy of the control pulse was
set to 0.8µJ. The different signals observed in the PES
provide insight into different aspects of the laser-induced
dynamics. Figure 5(c) shows selected spectra from the
delay scan in (b) for the negative delay τ = −580 fs
(blue; beginning of interaction), τ = 0 fs (black; during
the interaction) and the positive delay τ = +650 fs (red;
end of interaction).

At the beginning of the interaction, τ < �tchirp, the
atom is in the ground state as indicated by the dominant
4s signal in the blue PES. The minor contribution from
the 4p state is due to the finite overlap of probe and
control pulses at small negative delays. With the onset of
the chirped control pulse, the population is successively
transferred to the 4p state. This is seenby themonotonous
rise of the 4p signal around τ = 0 fs (cf. black PES). After
the interaction, the system is excited to the 4p state as
indicated by the depletion of the 4s ground state signal in
the PES. Efficient continuous, i.e., non-oscillatory excita-
tion of the system by the intense chirped control pulse is
a clear signature of RAP in view of the bare atomic states.

Regarding the dressed state dynamics, mapped into
the AT doublet observed around 0.4 eV, further inter-
esting details of the interaction are revealed. The strong
asymmetry of the AT doublet and, in particular, the
absence of the low-energetic AT component (cf. Figure
3 (b)) hint towards the selective population of the upper
dressed state by the down-chirped control pulse. This
observation is in accordance with an adiabatic passage
scenario induced by a negative chirp. In this case, the
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(a) (b) (c)

Figure 3. (a) The delay between pump and probe pulse is fixed at τ = 1 ps. The intensity of the pump pulse is varied via the pulse
energy. (b) Measured PES resulting from a variation of the pulse intensity. The signals created by the time-delayed probe pulse from
the potassium 4s state (at 0.05 eV) and 4p multiplet (at 1.6 eV) oscillate anti-correlated with increasing pulse energy, indicating Rabi
oscillations in the near-resonantly driven atom. (c) Integrated signals from the 4s state (black) and the 4p state (red). The sum of the
signals has been normalized to 1.

(a) (b) (c)

Figure 4. (a) The delay between control and probe pulses is fixed at τ = 1 ps. The intensity of the control pulse is varied. (b) Simulated
PES for potassium atoms interacting with IR control pulses of increasing intensity and time-delayed probe pulses. (c) Integrated and
normalized signals from the 4s state (black) and the 4p state (red). The average over the focal intensity distribution of the control pulse
was taken into account.
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Figure 5. (a) The time delay τ between a chirped IR control pulse and the VIS probe pulse is varied around τ = 0 fs (temporal overlap
region). The dashed blue line illustrates the decreasing instantaneous frequency ωinst(t) of the chirped IR control pulse. (b) Measured
PES resulting from a delay scan of the probe pulse across the chirped control pulse. (c) Selected spectra marked by dashed lines in (b).
The spectra are scaled individually. (d) Simulation results.
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system is steered adiabatically along the upper dressed
state throughout the entire interaction (6, 15). Since the
AT signal is created directly by the control pulse, it is
independent of the time delay. The reduced signal
strength in comparison to the PES shown in Figure 3(b)
is explained by the reduction of peak intensity of the
chirped pulse in comparison to the BWL pulse.

In the overlap region of pump and probe pulse, not
only the AT signal generated by the IR pulse reflects the
dressed state energy splitting. Also the signals from the
4s ground state and the 4p state created by the probe
pulse during the interaction with the control pulse map
the dressed states and, therefore, exhibit the AT splitting.
Due to the selective population of the upper dressed
state, the 4s signal shifts towards higher energies around
τ = 0 fs (see also the simulation result in Figure 5(d)).
This demonstrates the power of the two-colour scheme to
extract the dressed state dynamics from both the excited
state and the ground state signals.

The mixing signal centred at 1.0 eV and observed in
the temporal overlap region of control and probe pulses
(cf. black spectrum in Figure 5(b)) also maps the dressed
states. In addition to thedynamic Stark shift, the energy of
these photoelectrons is modulated by the instantaneous
frequency of the chirped control pulse which contributes
one photon to the ionization process. Therefore, due to
the negative linear chirp, the mixing signal shifts linearly
towards smaller energies for increasing τ .

Again, the simulation results shown in Figure 5(d)
are in convincing agreement with the experiment. The
modulation of the 4p signal observed for large delay times
when the control pulse has already decayed, τ � �tchirp,
is due to the creation of a coherent superposition of the
two fine structure components 4p1/2 and 4p3/2. Girard
et al. consequently attributed these oscillations to the
creation of a spin orbit wave packet (17 , 18, 25–27).
Closer investigation of the dynamics of this bound elec-
tron wave packet and its control is the subject of the next
section.

4.2.2. Control of fine structure wave packet dynamics
The essence of RAP in a two-state system is robust bare
state inversion achieved by steering the system adiabati-
cally along a preselected dressed state (also termed adia-
batic states in this context). In multi-state systems, where
more than one final state is available for selective excita-
tion, deliberately breaking the adiabaticity adds another
degree of freedom to the applicable control (20). Semi-
adiabatic scenarios allow for transitions between dressed
states to navigate the system into a desired final state
or superposition of states. Parameters which influence
the adiabaticity of the laser-induced excitation are, e.g.,
the laser peak intensity, the detuning from resonance

and, in particular, the chirp. As a prototype example
of semi-adiabatic control, we investigated the formation
and evolution of the electronic fine structure wave packet
by chirped near-resonant excitation of the potassium
atom. The chirp parameter φ2 is used to control the
population distribution among the two fine structure
components and, thus, tomanipulate the dynamics of the
excited electron wave packet. Figure 6 shows measured
two-colour PES from a long-range delay scan between
τ = −970 fs and τ = 2370 fs, i.e. over several peri-
ods Tbeat of the fine structure beating (see Section 2).
In Figure 6(a), the atomic system is excited by a BWL
control pulse with a pulse energy of 0.9µJ. After the
interaction with the control pulse, the 4p signal exhibits
a slow oscillation which reflects the time evolution of
the excited fine structure wave packet. The integrated 4p
signal as a function of τ is plotted in Figure 6(d) (blue
squares). A sinusoidal fit of the beating pattern (blue
line) yields a time constant of Tfit = 579 fs, in excellent
agreement with the theoretical value of Tbeat . In contrast,
Figure 6(b) shows the same parameter variation for the
down-chirped control pulse discussed in Section 4.2.1.
This measurement is an extension of the measurement
presented in Figure 5 towards longer delay times. The
integrated 4p signal is plotted as light green squares in
Figure 6(d). In comparison to the BWL excitation in
(a), the amplitude of the oscillation in the 4p signal is
reduced, indicating the excitation of a pure state rather
than awavepacket.Adiabatic passage inducedby adown-
chirped control pulse suggests the selective excitation of
the energetically higher lying fine structure component
(9, 28). This is supported by the simulation results shown
in Figure 7(a)–(c), where a negatively chirped pulse steers
the three-level atom selectively into the 4p3/2 state –
despite the red-detuning of the control pulse. By inver-
sion of the chirp, we obtained the experimental results
presented in Figure 6(c) and plotted as dark green squares
in d). Compared to the down-chirped case, the amplitude
of the fine structure beating is strongly enhanced (factor
5.4), indicating the efficient creation of a superposition
state by the up-chirped pulse. This finding is confirmed
by the simulation results in Figure 7(d)–(f), where the up-
chirped control pulse excites an efficient superposition
of states 4p1/2 (60%) and 4p3/2 (40%). In addition, the
reduction of the 4s signal in Figure 6(c) as compared
to the BWL excitation in (a) indicates a more efficient
population transfer to the 4pdoublet by the chirpedpulse.

The reason for the observed asymmetry of the final
state with respect to the chirp sign lies in the red-detuned
excitation. Fully resonant simulations reveal a symmetric
behaviour of the final state population with respect to
the chirp sign. For sufficiently large positive chirp, the
4p1/2 state is populated selectively via RAP, whereas in-

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ita
et

sb
ib

lio
th

ek
 K

as
se

l]
 a

t 0
1:

11
 1

9 
Se

pt
em

be
r 

20
17

 



1048 H. BRAUN ET AL.

Kinetic energy [eV]
0 1.0 2.0

Signal 
[arb. u.]

Kinetic energy [eV]
0 1.0 2.0

Kinetic energy [eV]
0 1.0 2.0

BWL pulse 2-2000 fs 2 2000 fs

0

1

-1000 0 1000 2000

0

2

4

6

8

10

In
te

gr
at

ed
 s

ig
na

l [
ar

b.
 u

.]

Delay [fs]

 BWL
2 - 2000 fs
2 +2000 fs

(a) (b)

(d)

(c)

-970

D
el

ay
 [f

s]
2370

τ

Figure 6. (a)–(c) Measured PES from pump–probe scans using differently chirped control pulses. The dashed blue line in the pictogram
represents the increasing instantaneous frequency ωinst(t) of a positively chirped control pulse. (a) BWL control pulse: creation of a
fine structure wave packet, as can be seen from the periodically modulated signal from the 4p doublet. The oscillation frequency of
Tbeat = 579 fs reflects the energy separation of the two fine structure components. (b) Negatively chirped control pulse: the reduction
of the modulation depth reveals the selective population of the upper fine structure component via RAP. (c) Positively chirped control
pulse: A coherent superposition of the two fine structure components is efficiently excited, visible in the increased signal of the 4p
doublet and the deep modulation thereof. (d) Integrated 4p signals from the pump–probe scans (squares) and sinusoidal fits (solid
lines).

version of the chirp sign switches the population transfer
selectively to the 4p3/2 state. Figure 7 shows simulation
results for the two experimental scenarios shown in Fig-
ure 6(b) and (c). In the case of the down-chirped laser
pulse (left column), the instantaneous laser frequency
sweeps across the system resonance at an early time dur-
ing the interaction. Almost no population is transferred
between the dressed states at the corresponding avoided
crossing marked by the green circle. As a result, the
entire population is transferred adiabatically into the up-
per fine structure component 4p3/2. Since the system
is excited into an eigenstate, no final state dynamics is
observed in Figure 6(b). For the up-chirped laser pulse
(right column), the resonance is crossed at a later time
when the laser pulse is already decaying (red circle). As
seen in the inset to Figure 7(f), a part of the population of
the initially populated lower dressed state escapes to the
intermediate dressed state. In this case, the atom is steered
into a coherent superposition of the two fine structure

components 4p1/2 and 4p3/2 by the end of the control
pulse. The ensuing wave packet dynamics are expressed
in the pronounced 4p beating observed in Figure 6(c). A
quantitative adiabaticity analysis of chirped excitation of
potassium atoms based on (8) can be found in (15).

4.3. Chirp-dependent excitation

The time-resolved two-colour measurements presented
in Figures 5 and 6 unveil the rich dynamics in the atomic
system during and after the interaction with the chirped
control pulses. In order to further deepen theunderstand-
ing of the interaction and, in particular, to investigate
the transition from the impulsive non-adiabatic to the
robust adiabatic excitation regime, we performed addi-
tional chirp-dependent studies at fixed delay times. As
special times of interest, we examined a sufficiently large
delay of τ = 1 ps (Section 4.3.1) to detect the final state
of the atom after the interaction with the chirped control
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Figure 7. Simulated dynamics of a potassium atom for the interaction with a negatively (left column) and a positively (right column)
chirped IR control pulse. (a) and (d) illustrate the intensity profiles (red) and the instantaneous frequencies (blue) of the chirped pulses.
The energies of the dressed states (solid lines) and the bare states (dashed lines) are depicted in (b) and (e). The green and red circles
indicate the avoided crossings of the dressed states where the chirp crosses the bare state resonance. The arrows indicate the flow of the
dressed state populations. In (c) and (f), the bare state population dynamics are shown, along with the dressed state dynamics (insets).
The energetic positions of the fine structure resonances relative to the control pulse spectrum are indicated on the right.

pulse, and the temporal overlap of both pulses at τ = 0 fs
(Section 4.3.2) to capture the transient interaction
dynamics.

4.3.1. Influence on the final state
First, we investigate the chirp dependence of the final
system state by fixing the time delay to τ = 1 ps. For
a variation of the chirp parameter φ2 between –2000 fs2

and 2000 fs2, this delay is much larger than the duration
�tchirp of the chirped control pulses (�tchirp = 370 fs
for |φ2| = 2000 fs2). The pulse energy was set to 1,1µJ
to ensure non-perturbative excitation conditions. The
experimental results are displayed in Figure 8(b), sup-
ported by the simulation results in (c). For BWL excita-
tion, φ2 = 0, a small 4p signal is observed, as expected
from the Rabi oscillations in Figure 3(c). For increasing
values of |φ2|, the 4p population rises monotonously at
the expense of the 4s population. For negative chirp, the
4p population starts to saturate at about φ2 = −1000 fs2

indicating the complete inversionof the atom.Thismarks
the onset of the adiabatic excitation regime associated
with RAP. As discussed in Section 4.2.2, the red-detuned
excitationpromotes adiabaticity fornegative chirps,while
hampering adiabatic interaction for positive chirps. There-
fore, for increasing positive values of φ2, the behaviour
of the 4p signal is not strictly monotonic. Inversion of
the atom is achieved at about φ2 = +1500 fs2. For even
larger values ofφ2, the 4p signal decreases again due to the
induced fine structure wave packet dynamics (cf. Figure
6(c)). Because the chirp of the control pulse determines
the initial conditions of the fine structure beating, as
clearly seen in Figure 6(d), the coherence of the 4p dou-

blet is probed at different phases, leading to amodulation
of the ionization probability (17).

The AT doublet at 0.4 eV reveals the transient dressed
state dynamics. At φ2 = 0, we again observe the slight
asymmetry due to red-detuned excitation by the BWL
pulse (cf. Sections 2 and 4.1). For increasing positive
values of φ2, the high-energetic AT component vanishes
completely from the PES, indicating the selective popu-
lation of the lower dressed state during the most intense
part of the up-chirped control pulse (15). Vice versa, for
negative values of φ2, i.e. down-chirped control pulses,
the upper dressed state is populated selectively. The re-
alization of SPODS via resonant chirped excitation is the
transient signature of RAP. In both cases, the dressed
state energy splitting shrinks due to the lowered peak
intensity of the chirped pulses for fixed pulse energy.
The decrease in peak intensity also strongly affects the
non-linear ionization efficiency leading to the observed
reduction of overall AT signal yield. Nevertheless, the
direct ionization by the control pulse provides a sensitive
probe of the transient system dynamics.

4.3.2. Influence on transient dynamics
For τ = 0 fs, the system is probed during the non-
perturbative resonant interaction with the control pulse.
Therefore, all photoelectron signals including those gen-
erated by the probe pulse map the population and ener-
gies of dressed states. PESmeasuredby scanning the chirp
of the control pulse at τ = 0 fs are presented in Figure
9(b) and (c). All signals show a behaviour similar to the
AT doublet observed in Figure 8. For excitation with
the BWL pump pulse (φ2 = 0), the energy splitting of the
dressed states in the strongly driven system results in a
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Figure 8. (a) The chirp of the IR control pulse is varied while the time delay τ between control and probe pulses is fixed. The blue lines
illustrate the instantaneous frequencies ωinst(t) of the different chirped control pulses. (b) Measured PES resulting from a chirp scan of
the control pulse and a probing at a fixed time delay after the interaction. For large chirp parameters, the ground state population is
efficiently transferred to the 4p state, as indicated by the 4p signal. The signal of the AT doublet reveals the dynamics of the dressed
states during the excitation with the chirped control pulses. (c) Simulated PES are in excellent agreement with the measurements.
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Figure 9. (a) The chirp of the IR control pulse is varied and the system is probed during the interaction with the control pulse at τ = 0 fs.
(a) Measured PES resulting from a chirp scan of the control pulse and probing of the system during the most intense part of the control
pulse. During that time, the strongly driven atomic system is best described by the dressed states, which are mapped into the PES by
ionization by both laser pulses. Consequently, all signals in the recorded spectra show the dynamics of the dressed states under chirped
excitation. (c) Selected spectra from the chirp parameter scan on the left. Shown are spectra that result from interactionwith a negatively
chirped pulse (blue), the BWL pulse (black) and a positively chirped pulse (red).

double-peak structure of the signals (cf. black spectrum in
Figure 9(c)). For chirped pulses, only one of the dressed
states is populated during the interaction with the pump
pulse and SPODS is realized. Accordingly, only one com-
ponent of the split signals shows up in the PES for larger
chirp parameters, as can be seen for the blue and the red
spectra in c). Specifically, negative chirp leads to signal
from the higher energetic components (blue spectrum),
while positive chirp leads to signal from the lower ener-
getic components (red spectrum). The observed signals
do not directly provide new insights into the dynamics of
the driven system. Still it is interesting that by tendency
also the dressing of the ground state may be observed.
The detected threshold photoelectrons map the SPODS
signature to the continuum and thereby prove that the

selective population of a distinct dressed state also holds
for the ground state. However, due to the probe wave-
length of λp = 570 nm, only electrons originating from
the higher energetic component can reach the contin-
uum. As the signal from this higher component already
starts to overlapwith the signal from theAT components,
we did not decrease the probe wavelength. It can be ex-
tracted directly from thePES that SPODS canbe observed
in the signals from the ground and the excited states for
the same dressed state. The population of the upper resp.
lower dressed state holds for both energy levels.

Similar to the other signals present in the PES, the
mixed frequency signal around 1 eV maps the transient
dynamics of the system and accordingly SPODS to the
photoelectron continuum.
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5. Summary

In this paper, we presented a route towards a complete
understanding of strong-field coherent control experi-
ments. For our prototype studies, we chose near-resonant
chirped excitation of potassium atoms which serves as a
model system for resonant strong-field control. Combin-
ing a two-colour pump–probe scheme for time-resolved
measurements with photoelectron spectroscopy for
quantum phase-sensitive detection, we were able to
simultaneously observe final state and transient excita-
tion dynamics in the strongly driven atom. Both aspects,
i.e. the bare state and the dressed state dynamics, carry
vital information on the physical mechanism at play and
together provide a comprehensive picture of the strong-
field control process.

In a first step, we studied near-resonant Rabi cycling
to calibrate the interaction strength and discriminate
between weak- and strong-field excitation. Next, we
examined non-perturbative chirped excitation, closely
related to the well-established strong-field control sce-
nario RAP. In a series of time-resolved and chirp-
dependent experiments, we investigated the population
and time evolution of the final state after the excita-
tion, as well as the transient dressed state dynamics dur-
ing the interaction with the chirped control pulse. We
found that for our experimental conditions, excitation
with down-chirped pulses leads to adiabatic interaction,
involving the selective population of the upper dressed
state throughout the interaction and a complete popu-
lation transfer to the 4p3/2 state. In contrast, for exci-
tation with up-chirped pulses of the same energy, the
passage through resonance was not fully adiabatic. In
this semi-adiabatic case, transitions between the dressed
states enabled the excitation of a coherent superposi-
tion of states 4p1/2 and 4p3/2, i.e. a fine structure wave
packet. Observation and control of the corresponding
wave packet dynamics were demonstrated in extended
pump–probemeasurements. Chirp-dependent studies of
the final populations revealed the transition from the
impulsive (Rabi) to the adiabatic (RAP) excitation regime
for negative chirps. By probing of the system during the
interactionwith the chirped pulses, the transient dressing
of the system was observed.

Our results highlight the power of two-colour time-
resolved photoelectron spectroscopy to shed light onto
the different aspects of non-perturbative coherent con-
trol. As demonstrated on the prototype scenario RAP, the
scheme enables a detailed understanding of the physical
mechanisms governing the control process. In view of
current challenges in strong-field control, such as atto-
second control of coherent electron dynamics and the
control of increasingly large molecules in femtochemi-
cal applications, the importance to access all aspects of

the laser-induced excitation becomes ever more evident.
Investigating laser–matter interactions from all perspec-
tives is the key to unravel the physical mechanisms of
strong-field control in more complex situations.
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Appendix 1. Multi-pulse excitation

As a complementary study to the BWL and chirped excitation
discussed so far, we applied the two-colour pump–probe scheme to
investigate the interaction of potassium atoms with intense multi-
pulse sequences. In this case, dressed state control is based on
discrete temporal phase jumps rather than continuous variations
of the temporal phase (23, 29, 30). The underlying strong-field
control mechanism is Photon Locking (31–34) (PL). The multi-
pulse sequences were generated by application of sinusoidal spec-
tral phase masks of the form ϕ(ω) = A · sin[(ω − ω0)T + φ] to
the LC-SLM, with A = 0.5 and T = 120 fs. The sine phase φ
determines the relative optical phase between the individual sub-
pulses and therefore represents the primary control parameter in
the shaper based PL scenario. In the experiments presented in
Figure A1, we measured two-colour PES as a function of φ varied
over two optical cycles. The control pulse energy was set to 0.8µJ.
In order to observe the transient dynamics as well as the final
state populations, we fixed the time delay to τ = 1 ps. In view of
the transient excitation dynamics, the AT doublet around 0.4 eV
in Figure A1(b) and (c) (measured) and (d) (simulated) indicates
that for relative phases of φ ∝ (2n + 1)π/2, n ∈ Z , the selective
population of a single dressed state is realized. In every first half
cycle, the upper dressed state is populated, while the lower dressed
state is populated in the second half cycle. According to the 4s
and 4p signals, both cases are accompanied by the excitation of
the atom to the 4p multiplet after the control pulse. In contrast,
for relative phases of φ ∝ nπ , no selectivity among the dressed
states is obtained in the transient dynamics, and by the end of the
control pulse, the bare state population has returned coherently
to the ground state. Therefore, the final bare state populations
oscillate at twice the frequency of the dressed state populations.
These results exemplify the ability of the pump–probe scheme to
also observe final state and transient excitation dynamics induced
by pulse sequences with discrete optical phases, complementary to
chirped excitation with a continuous optical phase.
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(a) (b) (c) (d)

Figure A1. (a) The optical phase (blue) of the IR control pulse is varied via the phase φ of the sinusoidal phasemask. The delay τ between
the control and the probe pulses is fixed. (b) Measured PES resulting from a phase scan of the sinusoidally phase-modulated control
pulse. Again the signals generated by the probe pulse are proportional to the final populations in the atomic states while the signals
created during the most intense part of the control pulse map the dynamics of the dressed states. (c) Zoom-in of the kinetic energy
region of the AT doublet around 0.4 eV. (d) Simulated PES are in good agreement with the measurements.
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