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Control of interferences in an Autler-Townes doublet: Symmetry of control parameters
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~Received 26 November 2002; published 18 July 2003!

Coherent control beyond population control and spectral interferences is demonstrated on the interferences
and intensity of the two Autler-Townes~AT! components in the photoelectron spectrum ofK atoms, using a
sequence of two intense time-delayed femtosecond laser pulses. Photoelectron spectra were taken at various
delay times between the two laser pulses and at different laser intensities at a fixed delay time. With respect to
the interferences in the AT doublet the role of time delay and laser intensity is interchangeable for (n
10.5)p excitation. Strong laser fields or the optical phase of the delayed laser pulse allow the quantum
mechanical phase of an atomic state to be manipulated in a symmetrical fashion. The observations are dis-
cussed in terms of a two-level model coupled to the continuum. For suitable combinations of the laser intensity
of the first pulse and the time delay, the second laser pulse leaves the excited state population unchanged.
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Real time observation and control of quantum phenom
in atoms and molecules with the help of advanced laser te
niques is an exciting fast growing research area challeng
likewise theorists and experimentalists@1#. Many different
schemes for quantum control have been demonstrated p
ing that the operating principle of control is based on vario
sources of quantum mechanical interference. In particu
the use of pulse sequences has proven a strong tool to s
interference effects in atomic and molecular systems in de
@2#. This scheme was extended to the continuum in orde
demonstrate the coherence transfer from femtosecond
pulses to ultrashort free electron wave packets@3# and wave
packets of a dissociating molecule@4#. A variety of important
control mechanisms are only accessible when strong l
fields are employed. Examples of coherent control by inte
sequential laser pulses are coherent transients such a
photon echo and Ramsey fringes@5# as well as the STIRAP
@6# and a theoretical study on fine structure wave packets@8#.
In this contribution we focus on the control of the quantu
mechanical phase of an atomic state in strong laser fields
investigate the symmetry of the control parameters de
time and laser intensity. A sequence of two intense la
pulses is used to exciteK atoms in an atomic beam from th
4s to the 4p state. Simultaneously, the pulses ionize the
cited atoms from the 4p state to the continuum via two
photon ionization~Fig. 1!. Since the photoelectron spectru
is directly related to the temporal evolution of the excit
state, energy resolved photoelectron spectroscopy is m
suited to elucidate details of the quantum dynamics@7#. Pho-
toelectron spectra were taken at various delay times betw
the two laser pulses and at different laser intensities at a fi
delay time. The paper is organized as follows. First we g
a theoretical description of the physical model, then
present the experimental results and a discussion with
spect to the suggested model.

For the theoretical description of the experiment an a
lytical model similar to the photon echo formalism@5# is
adopted using the following simplifications:~1! the K atoms
are treated as a two-level system,~2! the laser pulses ar
separated in time,~3! the driving field frequencyv0 is reso-
nant with the transition frequencyvba , ~4! the rotating-wave
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approximation is made. Effects due to the 7 meV spin-or
splitting of the 4p state take place on a 580 fs time scale a
can be neglected in our experiment. For the first pulse,
Schrödinger equation yields the solution for the excited st
amplitudecb(t):

cb~ t !5 isinS u~ t !

2 D
with

u~ t !5E
2`

t

V~ t8!dt8, ~1!

where u(t) describes the time-dependent pulse area
\V(t)5m«(t) describes the instantaneous Rabi frequen
with m being the dipole moment and«(t) the electrical field
envelope~Fig. 1!. The initial condition for the second puls

FIG. 1. Energy level diagram for excitation ofK atoms. A se-
quence of two time-delayed (t) 30 fs FWHM laser pulses with an
intensity envelope«(t)2 and a carrier frequencyv0 ~corresponding
to 785 nm! detuned from the resonance frequencyvba ~768 nm!
drives Rabi oscillations~black arrows! between the lower 4s (ua&)
and the upper 4p (ub&) states ofK atoms. Photoelectrons with
kinetic energyEkin5\ve from simultaneous two-photon ionizatio
~gray arrows! of the 4p state to the continuum (vk) are measured.
The observed AT doublet—split by\VR—shows interferences.
©2003 The American Physical Society01-1
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is given bycb(T)5 isin(Q/2), whereQ5u(T) denotes the
area of the first pulse. For the second pulse the time ev
tion of the excited state is given by

cb~ t !5 i FscosS u~ t2t!

2 D1eiv0tcsinS u~ t2t!

2 D G , ~2!

wherec5cos(Q/2) ands5sin(Q/2). Since the coupling of
the 4p state to the ionization continuum is much smaller th
the coupling to the 4s state, the two-photon ionization can b
described in the weak-field limit@9#:

c~ve!}E
2`

`

ei (vk2v4p)t8cb~ t8!E2~ t8!dt8, ~3!

where E(t) denotes the electrical field of both pulses a
c(ve) denotes the amplitude of a continuum state with
energy\vk labeled according to the kinetic energy of th
photoelectron\ve , and uc(\ve)u2 describes the photoelec
tron spectrum. Results of the resonant calculations are
sented in Fig. 2 for two different pulse areas and four de
times. Evaluation of the integral@Eq. ~3!# reveals that for
Q5(n10.5)p excitation the structure of the photoelectro
spectrum is uniquely determined by the parameterf
5ei (Q1v0t). For f 511( f 521), high ~low! kinetic energy
photoelectrons have a higher intensity and show interfere
fringes. For further discussions see also the caption of Fig
In addition to the resonant case investigated analytically,
nonresonant case was considered by computer simulat
showing that the analytical analysis is adequate for an un
standing of the dynamics. Details of the formalism will b
given in a forthcoming publication. A rigorous treatment
phase control of an AT doublet in a bichromatic laser fie
based on numerically solving the three-dimensional Sch¨-
dinger equation is reported in Ref.@10#.

The experiments were carried out in a high vacuum cha
ber where a beam of atomic potassiumK (4s) intersects
perpendicularly with the femtosecond laser pulses leadin
photoionization. The released photoelectrons are dete
employing a magnetic bottle time-of-flight electron spe
trometer with an energy resolution of 25 meV at a kine
energy of 1 eV. The 785 nm, 30 fs full width at half max
mum ~FWHM! laser pulses provided by an amplified 1 kH
Ti:sapphire laser system are split into two beams usin
Mach-Zehnder interferometer. The time delay of the identi
laser pulses was set by the variation of the length of one
of the interferometer and measured interferometrically w
the spectral interferences simultaneously recorded by an
tical spectrometer@cf. insets to Figs. 3~c!, 3~d!, 4~c!, and
4~d!#. In the first experiment the time delayt is varied in a
range of 80–100 fs with 0.2 fs resolution at a fixed las
intensity of I 0 (0.5431012 W/cm2). In the second experi
ment the time delay is kept fixed at 98.6 fs, whereas
energy of both beams is varied from 0.7I 0 to 3I 0, using a
reflective variable neutral density attenuator.

At first, we discuss the results of the experiment usin
variable time delay at a fixed laser intensity ofI 0. Figure
3~b! shows the measured photoelectron spectra as a fun
of the delay time. Oscillations in the photoelectron signa
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FIG. 2. Calculations for resonant two-pulse excitatio
photoionization ofK atoms: time dependence of the populati
ucb(t)u2, parametric plot ofcb(t) in the complex plane, and corre
sponding photoelectron spectrauc(\ve)u2 for a pulse area ofQ
55.5 p ~a!–~d! andQ56.5 p ~e!–~h! at four different delay times
t. Note the increase of the AT splitting\VR with increasing pulse
area. In the upper left plot the intensity envelope«(t)2 ~gray! is
depicted for comparison. In the complex representation of the t
evolution, cb(t) starts at the origin along the imaginary axis, th
open ~filled! arrows indicate the direction towards the end of t
first ~second! pulse, and the dot denotes the initial conditioncb(T)
for the second pulse. For each combination of delay timet and
pulse areaQ the characteristic parameterf 5ei (Q1v0t) is given.
Note that a variation of the time delay at a fixed pulse area@cf. ~a!
and~c!# and a variation of the pulse area~laser intensity! at a fixed
time delay @cf. ~a! and ~e!# lead to the same oscillations of th
intensity and interference structure of the photoelectrons. Note
that for ~a!, ~c!, ~e!, and ~g! the second intense laser pulse has
effect on the population of the 4p state, and the photoelectron spe
trum shows fringes only in one of the AT components.
1-2
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the period of the photon frequency of 2.6 fs are observ
Note that the oscillations of slow and fast photoelectrons
out of phase. Sections through the photoelectron distribu
were taken along the time delay axis averaging over a ra
of 0.5–0.65 eV~0.3–0.45 eV! for the fast~slow! photoelec-
trons. The resulting time profiles shown in Fig. 3~a! highlight
the p phase shift in agreement with the analytical mod
~Fig. 2!. A comparison of measured and simulated photoe
tron spectra is given in Figs. 3~c! and 3~d! for a time delay of
91.0 fs and 87.0 fs, respectively. Fast photoelectrons s
the predicted fringes@Fig. 3~d!#, which are not seen in the
slow contributions due to the reduced spectral resolution
very slow photoelectrons. Moreover, the absolute intensity
slow photoelectrons is slightly underestimated in the exp
ment, since the detection efficiency for slow photoelectro
is somewhat lower. The experimental photoelectron spe
are in good agreement with the off-resonant simulations c
firming the intensity oscillations of the two AT componen
with the time delayt from our analytical resonant mode
@Fig. 2~a!–2~d! or 2~e!–2~h!#. The insets to Figs. 3~c! and
3~d! show the spectral interferences at the respective t
delays.

In the second experiment the laser intensity was va
but the time delay was fixed at 98.6 fs in order to demo
strate that the control of the interferences is determined
the quantum mechanical phase, showing the symmetr
time and intensity. The optical spectrum of the pulse
quence remains unchanged for all intensities@cf. insets to
Figs. 4~c! and 4~d!#. In order to compare measurements
different laser intensities, the photoelectron spectra were
vided by the averaged signal over the fast electrons i
range from 0.5 to 0.65 eV, and, therefore, bring out the re

FIG. 3. Experimental photoelectron spectra~b! as a function of
the delay time t at a fixed laser intensity ofI 0 (0.54
31012 W/cm2). Note the slow and fast electrons being out
phase. An averaged section along the delay axis for s
('0.37 eV) and fast ('0.57 eV) photoelectrons~a! highlights the
p phase shift. Sections along the energy axis yield measured
toelectron spectra~bold! at t2591.0 fs~c! andt1587.0 fs~d!. For
labels f 561 see Fig. 2.\VR reflects the AT splitting. Simulated
spectra for the respective delay timest1 andt2 convoluted with 25
meV spectrometer resolution are given for comparison. The in
to ~c! and ~d! show the simultaneously recorded optical spec
Photoelectron intensities are given in arbitrary units.
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tive intensity of the slow photoelectrons. Photoelectron sp
tra normalized in this manner are displayed in Fig. 4~b! as a
function of the laser intensity. A monotonic increase of t
splitting of both AT components with increasing laser inte
sity reflected in the v-shaped structures in Fig. 4~b! is ob-
served. The asymmetry of the splitting is due to the nonre
nant excitation. In addition, the slow electron signal exhib
pronounced oscillations as the intensity is increased. A t
profile of the slow photoelectron signal is obtained by su
able averaging over the low-energy part of the spectr
along the laser intensity axis. The time profile reveals
oscillatory behavior with maxima atI 0 and I 252I 0, and
minima atI 151.5I 0 and I 353I 0. The observed periodic os
cillations are in good agreement with the theoretical mo
shown in Fig. 2@compare calculated photoelectron spec
with the same time delay at a different pulse area, e.g.,~a!
and ~e!#. Normalized photoelectron spectra at the maxim
(I 0 ,I 2) and minima (I 1 ,I 3) are shown in Figs. 4~d! and 4~c!.
The bars indicate the AT splitting, providing an independe
in situ check for the laser intensity increasing fromI 0 to I 3.
However, the shape of the photoelectron spectra is peri
cally reproduced. Note the similarity of the photoelectr
spectra for the intensity variation and for the time del
variation. In both cases an oscillatory behavior of slow a
fast photoelectron intensities is observed. In particular, co
parisons of the spectra att587.0 fs @Fig. 3~d!# with the
spectra atI 1 and I 3 @Fig. 4~c!# on the one hand~case f 5
11) and the spectra att591.0 fs@Fig. 3~c!# with the spectra
at I 0 andI 2 @Fig. 4~d!# on the other hand~casef 521) show

FIG. 4. Measured photoelectron spectra~b! as a function of the
laser intensity at a fixed delay time of 98.6 fs. For the visualizat
of the out-of-phase oscillations of the two AT components w
increasing laser intensity, the spectra are normalized with respe
the fast photoelectrons ('0.57 eV). The averaged signal over th
slow photoelectrons along the laser intensity axis~a! reveals oscil-
lations~cf. Fig. 2!. At the laser intensities ofI 0 ~bold!, I 252I 0 ~c!,
andI 151.5I 0 ~bold!, I 353I 0 ~d!, sections along the electron energ
axis are shown. Although the AT splitting\VR monotonically in-
creases with the laser intensity@v-shaped structure in~b!#, the slow
photoelectrons vary periodically@compare~c! and ~d!, and the os-
cillatory intensity variation in~b!#. Simultaneously recorded optica
spectra as shown in the insets to~c! and~d! demonstrate the coher
ent control beyond spectral interference.
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BRIEF REPORTS PHYSICAL REVIEW A68, 015401~R! ~2003!
a remarkable similarity, also seen in Fig. 2 by comparison
photoelectron spectra belonging to different delay times
different pulse areas@e.g.,~a! and ~g! on the one hand~case
f 511) and~c! and ~e! on the other hand~casef 521)].

The observed control mechanism is discussed in term
the population dynamicscb(t) ~Fig. 2!. The intensity of the
first laser is high enough to cause the Rabi cycling a
therefore, AT splitting in the photoelectron spectrum. Us
two identical time delayed pulses leads to fringes in the p
toelectron spectrum, as discussed in Ref.@3#. The observed
control of interference in the AT doublet arises if the inte
sity of the first pulse is chosen to yield a population
ucb(T)u250.5, i.e.,Q5(n10.5)p. According to Eq.~1! this
condition may be realized bycb(T)56 i /A2 @cf. ~Fig. 2!
cb51 i /A2 for Q55.5 andcb52 i /A2 for Q56.5]. The
subsequent time evolution (t.T) of cb depends on the phas
v0t of the second laser pulse. In order to stress the sym
try of Q andv0t, the results are discussed using the quan
f 5exp@i(Q1v0t)#. If v0t is a multiple integer ofp and
hencef 56 i , the population evolves during the second la
pulse much the same way as during the first pulse, i.e.cb
stays purely imaginary and both AT components show in
ference fringes@~b!, ~d!, ~f!, and ~h! in Fig. 2#. The time
evolution of the population may be symmetric with resp
to T leaving theub& state eventually unpopulated@~b! and~f!
in Fig. 2# or asymmetric associated with a 100% populat
transfer @~d! and ~h! in Fig. 2#. In the present experimen
these cases are not distinguished. However, if the phasev0t
takes half integer multiples ofp, i.e., f 561, the experi-
mental results are considerably different~compare photoelec
tron spectra labeledf 511 and f 521 in Fig. 2 for calcu-
lations and Figs. 3 and 4 for measurements!. We encounter a
surprising population evolution in whichucb(t)u2 is un-
changed during the second laser pulse and only the quan
mechanical phase is altered. This results incb moving on a
circle in the complex plane~cf. Fig. 2!. Hence, during the
second laser pulse the excited state acquires additional q
tum mechanical phase. With regard to photoionization@cf.
.
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Eq. ~3!# the additional phase may also be interpreted a
frequency shift of the ionizing field. The frequency of th
second pulse may be regarded as risen or lowered leadin
interference only in one of the AT sidebands. Fringes in
high ~low!-energy photoelectrons are observed ifcb rotates
~counter! clockwise, i.e.,f 511 ( f 521) in Figs. 2~a! and
2~g! @2~c! and 2~e!#.

We demonstrate coherent control in strong fields beyo
~i! population control and~ii ! spectral interference, since~i!
control is achieved without altering the population during t
second intense laser pulse and~ii ! the quantum mechanica
phase is controlled without changing the spectrum of
pulse sequence. The control mechanism relies on the in
play of the quantum mechanical phase set by the intensit
the first pulse and the phase of the second pulse determ
by the time delay. This phase interplay is observed as a va
tion of interferences and intensity in the AT doublet. In co
trast to a photon echo experiment, in which the polarizat
is averaged over the inhomogeneous broadeningafter the
pulse sequence, and the Ramsey fringes experiments
which the upper level probability is measuredafter the pulse
sequence, we use photoionization to directly follow the tim
evolution of the quantum mechanical amplitude of the e
cited stateduring the pulses. Our results show that for su
able excitation conditions the role of time delay and the la
intensity is symmetric with respect to the variation of the A
components. This equivalence is expressed by the param
f 5exp@i(Q1v0t)#, which uniquely describes the measurab
outcome of the experiment. Since a variation of the pu
width at constant laser energy is associated with a chang
the pulse areaQ and a variation of the detuning alters th
phasevt and the excited state population, the demonstra
control of the interference could also be accomplished by
variation of the pulse width and detuning.
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