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Abstract
We investigate the influence of chirp on carrier-envelope-phase (CEP)-dependent strong-field few-
cycle laser-induced photoelectron spectra of sodium,well within themultiphoton regime.Our
measurements and analyticalmodel of this process reveal a simple chirp-dependence, which has the
potential to be utilized as an onlinemonitor of laser chirp.Moreover, this effect could extend single-
shotmeasurements of the CEPusing above-threshold ionization to longer, chirped pulses, and
significantly lower the required pulse energies. Specifically, at awavelength of 775 nmand an intensity
of 6.5 10 W cm12 2´ / theCEP- and energy-dependent left-right asymmetries of emitted electrons are
measured in a time-of-flight spectrometer. In these asymmetrymaps, inclined stripe-like structures
emerge, where the inclination is tunablewith the chirp of the pulse.We report a simple analytical
model, explaining the effect as the interference of electrons with even and odd angularmomenta,
located at energies in between adjacent above-threshold ionization peaks. Aswe demonstrate, the
analyticalmodel is in good agreementwith themeasurement, as well as with solutions of the three-
dimensional time-dependent Schrödinger equation. Further, the analyticalmodel, which can easily be
extended to other atoms, allows us to derive an equation, describing the relation between the slope of
the inclined stripes and the chirp of the laser.

1. Introduction

The ionization of atoms by strong laser fields can cause electrons to absorbmore photons than are necessary for
their liberation, a phenomenon known as above-threshold ionization (ATI) [1]. This process is the prerequisite
for other important effects, such as high-harmonic generation (HHG) and non-sequential double ionization
[2, 3]. The dynamics underlyingATI are commonly divided into two regimes, characterized by theKeldysh
parameter, I I20 pg w= [4] (atomic units are used throughout, unless otherwise stated), whereω0 is the laser

angular frequency, Ip is the ionization potential of the atom, and I is the laser intensity. In themultiphoton
regime, γ>1, the laser field is relatively weak and the ionization process is well described by the electron gaining
energy,E=ÿω, from each photon absorbed until it is above the ionization threshold and retains the excess
energy. In contrast, in the tunneling regime, where γ= 1, the atom’s potential well is sufficiently deformed by
the laserfield to allow the electron to tunnel through the barrier.

Many strong-field effects in the tunneling regime can be explained classically, employing the ‘three-step’
model [5, 6]. In thismodel, the electron ionized by the laser field (first step)may be driven back to the parent ion
by the oscillating electric field (second step), where it can recombinewith the ion (HHG) or be scattered at the
core (third step). Elastic scattering can result inmuch higher electron kinetic energies than possible without this
rescattering process [6], while inelastic scattering leads to excitation or further ionization of the parent ion [7].

For few-cycle pulses, the aforementioned rescattering process is highly sensitive to the offset between the
maximumof the envelope and the peak of the carrier-electric field, i.e., the carrier-envelope-phase (CEP) of the
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laser pulse [8], since the associatedwaveforms change significantly. This can be exploited tomeasure theCEPof
single laser shots in real-time, using the so-called carrier-envelope phasemeter (CEPM) [9, 10]. This device
typically operates using only rescattered electrons in the tunneling regime, i.e., at γ≈1.1, usingλ=800 nm,

I 8 10 W cm13 2= ´ / pulses onXewith Ip=12.13 eV. TheCEP effects under investigation in this paper are of a
fundamentally different origin, namely interference phenomena located in between adjacent ATI peaks in the
low-energy part of the spectrum for ATIwell within themultiphoton regime. As a consequence, the CEP-
dependence reported here can be observed even for relatively long pulse durations.

Wemove from the tunneling to themultiphoton regime by using an alkali target, which requires
significantly less intensity to ionize and thus increases γ in comparison tomore commonly used noble gases.
Specifically, sodium atoms, with Ip=5.14 eV, are used as the target gas, with laser intensities of
I 6.5 10 W cm12 2» ´ / , corresponding to γ≈2.7. Accordingly, the photoelectron spectra are largely free of
contributions from rescattering and can bemeasuredwith significantly less pulse energy. This allows
observation of chirp andCEP effects in a relatively unexplored regime.

Nevertheless, a few theoretical works exist that study the effects of chirped and unchirped pulses in
multiphoton ionization, primarily by solving the time-dependent Schrödinger equation (TDSE). For caesium,
asymmetries in the photoelectron angular distributions (PADs) of few-cycle chirped pulses have been calculated
[11]. The PADs andATI spectra for sodiumhave been shown to exhibit a strong chirp-dependence [12].
However, chirp-effects vanished, if intermediate bound states were eliminated in the calculation. Similarly, the
chirp-dependence of ATI spectra for hydrogen has been predicted [13]. One interesting conclusionwas that the
varying instantaneous frequency of the laser can induce different resonant excitation dynamics of bound states,
depending on the sign of the chirp. Specifically, the behavior of theATI plateau [14] for different chirps has been
studied in [15]. Additionally, the CEP- and chirp-dependence of the ionization of hydrogen by attosecond pulses
has been theoretically explored [16]. The use of chirped attosecond pulses formeasuring electron dynamics on
the attosecond time scale has also been studied analytically [17].

In this paper, we presentmeasurements of CEP- and chirp-dependent photoelectron spectra for few-cycle
pulses at 775 nm. The chirp imprints an additional phase on the emitted electrons’wave function. In the
corresponding ATI spectra this becomes observable as stripe-like structures in theCEP- and energy-dependent
asymmetrymaps. The slope of these stripes can be tuned depending on the chirp of the laser pulse. Expanding on
thework of Cormier et al [18], we present an analyticalmodel that predicts and explains these stripe-like
structures as quantum interference of electrons fromadjacent ATI peaks. To further confirm the validity of our
model, the 3DTDSE is solved for sodium atoms [19]. Both theoreticalmodels are then compared to
measurements and good agreement is found between all three. Special emphasis is put on the connection
between the slope of the emerging stripe-like structures and the chirp of the pulse. To our knowledge, the first
observation of this kind of effect wasmade byAbel etal [20], who explained theirmeasurements using a
perturbativemodel based on a sumover indistinguishable quantumpaths. They numericallymodeled chirp by
considering theN-fold autoconvolution of the laser spectrum to describe theN-photon absorption peak. This
approach is similar to ours.However, they used xenon as a target gas and no systematic, chirp-dependent
analysis of the stripe-like structures was performed.

The results reported here are of general interest for several reasons. Firstly, low-Ip targets, such as the alkali
atoms, have rarely been studied in strong-field laser physics. In contrast to the noble gases, alkalis largely behave
like one-electron systems and exhibit strong resonances, whose single photon transitions are within the
bandwidth of typical few-cycle lasers. Secondly, as the intensity required for ionization of these atoms is
significantly lower than for the noble gases, one can increase thewavelengthwhile keeping a constant
ponderomotive potential,U F I4p 0

2
0
2 2w l= µ( ) , where F0 is the peak electric field amplitude of the laser. This

counteracts thewell-knowndrop-off in rescattered electron yield atmid-infraredwavelengths [21]. Thus, when
moving to the tunneling regime, experimental techniques which rely on rescattered electrons can be advanced
into a newwavelength regime, using alkali atoms. Thirdly, the results of this paper can be exploited for laser
diagnostics. Namely, a real-time evaluation of asymmetrymaps could be used tomonitor the laser chirp online.
Themain advantage, as compared to other pulse characterizationmethods, is that the laser chirp can be
evaluated in the interaction zonewhere the final experiment is performed. Finally, and perhapsmost
interestingly, the structures inCEP- and energy-dependent asymmetrymaps can be used tomeasure theCEPof
individual laser shots [8, 10]. Themain advantages of the effect reported here, as compared toCEP effects in the
tunneling regime, are the abilities to use lower-energy,multi-cycle, and chirped pulses.
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2. Theoretical background

2.1. Analyticalmodel
In order tomodel the chirp- andCEP-dependence of ATI spectra, we follow the approach of [18]. ForM-photon
ionization, theATI spectrum shows peaks at energies

E M U I
p

2
, 1M p p

2

0w= = - - ∣ ∣ ( )

where p is the driftmomentummeasured at the detector.Wework in the single active electron approximation.
The only property of the initial ground state, which enters ourmodel, is its ionization potential Ip. Thus, for a
wavelength ofλ=775 nmand an intensity of I 6.5 10 W cm12 2= ´ - (γ≈2.7), electronswith energies
around thefirst peak (S= 0) infigure 1 have absorbed four photons, whereas the S=1 peak corresponds to
5-photon absorption from the ground state ( s3 in the present case). Since photons carry angularmomentum
ℓ=±1 and due to the dipole selection rules, the first ATI peak consists of electronswith even parity, i.e., their
angularmomenta fulfillℓ=0, 2, 4,K. The second peak, in contrast, has odd parity, i.e.,ℓ=1, 3, 5,K, and so
on [18].

Due to the broad spectral bandwidth of few-cycle pulses, the ATI peakswill also be substantially broadened,
as the peakwidth scales with the spectral bandwidth of the pulse. This leads to interference of odd and even
parity electrons. The contrast of the interference will be particularly strong at photoelectron energies with equal
contribution fromneighboring ATI peaks, i.e., in the region in between the ATI peaks.Mathematically, the
electronicwave function can be expanded using spherical harmonics, Y ,m q f( )ℓ . Their parity can bewritten as

Y Y, 1 , . 2m mp q p f q f- + = -( ) ( ) ( ) ( )ℓ
ℓ

ℓ

This implies that even (odd) parity electrons are described by even (odd) functions. Since even (odd) functions
have gerade (ungerade) geometry, the final wave function of even (odd) parity electronswill reflect this behavior.
This, in turn, influences the left-right emission of the photoelectrons. Therefore, interference of electrons having
different parity leads to observable left-right asymmetries.

To include the chirp-dependence, themodel described in [18]needs to be expanded. To do this, we assume a
linearly polarized, linearly chirpedGaussian laser pulse of the form t F tF ez=˜( ) ( ) with

F t W t e , 3ti 0 CEP= Q w j+( ) ( ) ( )( )

whereW t e t 2-G( ) ≔ is a function describing the pulse envelope,jCEP is the CEPof the laser pulse and
Γ=a−ibwith

a
a

k d a
b

k d a

k d a1 2
,

2

1 2
40

0
2

0
2

0
2

=
+ 

=

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for a 2 ln 20 0
2t= [22]. Here, τ0 is the full width at halfmaximum (FWHM) pulse durationmeasured in the

intensity envelope of the Fourier-transform-limited (FTL) pulse, d is the propagation length inside some
dispersivemedium (here, fused silica) and k is the group velocity dispersion of thismedium. Themaximal
amplitude, F0, decreases with increasing chirp according to F0 0t tQ ≔ , where τ is the pulse duration of the

chirped pulse, i.e., a2 ln 2t = .
For an electron starting in the ground state and absorbingM photons to reach the continuumwe estimate

the total probability amplitude of theM-photon absorption to behave as

Figure 1.A typicalmeasurement of the asymmetry parameter (equation (11)) formultiphoton ionization of sodiumby a pulse with
compensated second-order dispersion. The right axis refers to theCEP-averaged ATI spectrum (blue line). Arrows indicate the
different orders and positions of the ATI peaks.
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K . 5M M
M µ Q ( )

The termKM denotes themultiphoton coupling between the ground state and the final continuum state at
kinetic energy EM (see equation (1)). The values ofKM are adjusted to reproduce the relative height of the ATI
peaks from figure 1.

The probability amplitude tofind an electronswith energies off theM-photon peak can be estimated as

K g E E e , 6M M
M

M M M
iM CEP a= Q =

~ j( ) ( ) ( )

where g(EM) is the Fourier transformof thefieldW t eM E t Mi M CEPj+( ) ( ). The result is a function depending onω,
i.e., energy in atomic units:

g E Me e . 7M
E M M4 iM

2
CEPw p= Gw j- - G[ ( )]( ) ( ) ( )( ) ( )

The function g(EM) describes the shape of theM
th ATI peak. In addition, we introduced

E K Me . 8M M M
M E M4M

2a pQ Gw- - G( ) ≔ ( ) ( )( ) ( )

Performing the same consideration for the (M+1)th peak yields

E K g E

E e . 9
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Possible phase contributions resulting from the atomic potential during the ionization process are not included.
Note that by restricting ourselves toω�0 in the above equations, we confine our one dimensionalmodel to a
single emission direction, whichwewill label ‘right’. It points along the direction of the electric field, ez.

We are interested in interference effects in between two adjacent ATI peaks. The probability of an electron
having an energy between theMth and (M+1)th ATI peak is calculated as a coherent sum, i.e.,
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Here,ΔE(1) andΔE(2) are arbitrary energy intervals, such thatΔE(1)+ΔE(2)=ω, which reflects the fact that
two adjacent ATI peaks are separated by the photon energy. Note that we omit the energy-dependences in the
final formulation for better readability, as they are identical to the previous line.

In section 4wewill show that the numerical evaluation of equation (10) leads to chirp-dependent, inclined
stripe-like structures in theCEP asymmetrymaps. One of our goals will be to quantitatively analyze the slope of
these stripe-like asymmetry structures, which can be seen infigure 1 around 1.8 and 3.4 eV. For this purpose, we
define the asymmetry parameter, plotted infigure 1, as

A E
Y E Y E

Y E Y E
,

, ,

, ,
, 11CEP

left CEP right CEP

left CEP right CEP

j
j j
j j

-

+
( ) ≔

( ) ( )
( ) ( )

( )

whereY(E,jCEP) is the yield, recorded at the left or right detector, respectively. These types of false color plots are
referred to as asymmetrymaps.

As the stripes in the TDSE and experiment will show irregular structures, as compared to the perfect stripes
in the analyticalmodel (seefigure 4), the determination of their slops is not as straightforward.We discuss a
fitting procedure, whichwas employed to quantitatively determine the slope of the structures for the TDSE and
measurements.

Firstly, different orders of the ATI peaks behave differently, therefore we focus on the first asymmetry region
between S=0 and S=1, i.e., we set the relevant energy interval to beD≔ [1.0 eV, 3. 0 eV]. Next, a function of
the form

f E B E E, sin 12W = W - F( ) ( ) ( ( )) ( )

isfitted toA(E,jCEP) at all energiesEäD forΩä [0, 4π], yielding the two energy-dependent fitting parameters
B(E) andΦ(E). Thefinalfitting region is determined by the condition B E B E Bmax 0∣ ( ) ( ( ))∣ , whereB0 was
chosen to be 0.65. In this region, a linear function, weighted by the error 1/ΔΦ(E), is fitted to the phase-offset
angleΦ(E), yielding the slope, s, of the asymmetry structure. Finally, intermediate slopes, si, are fitted between
the start and end point of each energy interval in the fitting region.We define the error of s as

s
N

s s
1

. 13
i

N

i
1

2åD = -
=

( ) ( )
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Remarkably, this fitting procedure is not necessary for the analyticalmodel, as wewill nowderive an
analytical expression for the slope of the inclined structures in thismodel. Using equation (10)we canwrite
PM(E,jCEP)=Yright(E,jCEP). Here,M is uniquely determined by the condition EM�E�EM+1. As our
model only considers one emission direction, we use the following identity to calculate the asymmetry:Yleft(E,
jCEP)=Yright(E,jCEP+π) for afixedCEP. This assertion, which is independent of the symmetry of the initial
state, has also been confirmed by 1DTDSE calculations. Then, in equation (11), we canwrite the asymmetry
parameter as

A E,
4 e

. 14M M

M M
CEP

1
2

1
2


j

a a
a a

=
+

+

+
( ) ( )

∣ ∣ ∣ ∣
( )

Weapply the definition ofαM and, for the sake of simplicity, assumeKM=1 for allM. After a series of
cumbersome but straightforward algebraic operations, equation (14) can be brought to the same form as
equation (12), yielding

E
bZ E

M M a b4 1 2
, 15M 2 2

p
F =

+ +
+( ) ( )

( )( )
( )

where Z E E I U M M 1p p
2

0
2w= - + + + +( ) ( ) ( ) . The subscriptMwas introduced to indicate that

equation (15) refers to the phase-offset angle, as defined in equation (12), between theMth and (M+1)th ATI
peak, as this angle changes depending on the peak order. Finally, the slope can be calculated by taking the
derivative of equation (15)with respect toE, resulting in

m E
b E I U

M M a b

2

4 1
. 16M

p p

2 2
=

- + +

+ +
( )

( )
( )( )

( )

SinceΦM(E) is a quadratic function,mM(E) is energy-dependent. However, in the regionwhere theMth and
(M+1)th ATI peak overlap, i.e., the only region inwhichΦM(E) is of interest, the offset angle is approximately
linear and the slope becomes comparably weakly energy-dependent. Specifically, the asymmetry regions in the
analyticalmodel will be between 1.4 and 2.1 eV (see figure 4). For example, for d 500 mm= - we obtain
m 1.4 eV 15.2 rad eV4 =( ) and m 2.1 eV 16.7 rad eV4 =( ) .

Furthermore, we have confirmed that the simplificationKM=1 does not significantly alter the inclination,
thus removing any experimental fitting parameters. Using the values ofKM derived from themeasurement and
applying thefitting procedure used for the TDSE and experimental results to the analyticalmodel, yields a slope
of s=20.58 rad eV, for d 636 mm= - , whereas equation (16) using theKM=1 simplification yields
m 1.8 eV 20.46 rad eV4 =( ) . Indeed, for all glass positions considered, the deviation never surpasses 1%.
However, a consequence of settingKM=1 is a shift in the energy region, at which the highest asymmetry
appears. In the example above, it shifts from1.8 eV, using the experimentally derived values, to 2.1 eV, using
KM=1.

2.2. Time-dependent Schrödinger equation
For comparison of the experimental results with amore complete theoreticalmodel, we solved the three-
dimensional TDSE, using the freely available codeQprop, to obtain CEP-dependent photoelectron spectra in
the emission direction considered in the analyticalmodel. The algorithm is described in detail elsewhere [19, 23].
Here, we briefly summarize themain concepts. The TDSE is solved for an atom in a classical laser field, whereby
the interaction is described in dipole approximation. The single active electron (SAE) is bound by a spherically
symmetry potentialV(r). The vector potential tA( ) is used. It is connected to the electricfield defined in
equation (3) by tF t A t= -¶ ¶( ) ( ) .

Owing to its single valence electron, sodium, or alkalimetal atoms in general, are the perfect candidates for
the commonly employed SAE approximation. Formodeling the emission of sodiums’ outermost electron, we
use the spherically symmetricHellmann pseudopotential [24, 25]

V r
r r

1 21
e . 17r2.5492= - + -( ) ( )

The resulting TDSE is solved by expanding thewave function in spherical harmonics. Imaginary-time
propagation is used to obtain the desired ground state of the valence electron. Afterwards, thewave function is
propagated on a uniformly discretized radial grid using aCrank–Nicolson propagator. Thefinal photoelectron
spectra are calculated using thewindow-operatormethod [26]. Convergence was reached for a radial step size
dr=0.2, time step dt=0.05, and amaximumangularmomentumquantumnumberℓmax=12. For better
comparisonwith experimental data, the spectra were intensity averaged over the laser focal volume using the
method outlined in [27, 28].
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3. Experimental setup

The experimental setup , shown infigure 2, consists of a few-cycle Ti:Sapphire laser system (FemtopowerTM

CompactTMPro). The laser pulses are spectrally broadened in a neon-filled, hollow-core fiber and subsequently
compressed using chirpedmirrors to compensate the dispersion of the fiber and the following optical elements.
After a thin, broadband beamsplitter, one beam is coupled into anATI time-of-flight spectrometer (TOF) in
which an atomic oven dispenses a jet of of sodium vapor. The other part of the beam is steered into aCE
phasemeter (CEPM) [9], whichmeasures relative CEPs of each individual laser shot of the pulse trainwith a
single-shot uncertainty of 230mrad. TheCEphases of the laser pulses vary randomly. This is done by evaluating
the left-right asymmetry of photoelectron TOF spectra of ionized xenon in real-time. The information is used to
tag the data from the TOF spectrometer with theCEP. Subsequent sorting yields aCEP- and energy-dependent
ATI spectrum for sodium.Note that even though the TOFmeasures only electrons emitted to one side, left-right
asymmetries can still be determined using the symmetry of the laser pulse, i.e., the yield in the left direction for
CEPj is identical to the yield in the right direction at phasej+π. In addition, the CEPMwas used tomeasure
the pulse duration as∼6 fs, for the pulsewith compensated second-order dispersion.

In the experiment, the atomic oven is heated to 291 °C.At this temperature, the Na2 dimer toNamonomer
ratio is 1% [29] and thus the influence of Na2 can be safely neglected. The spectral phase of the laser pulses is
independently controlled by sets of fused silica wedges. For both beampaths, the intensity is controlled by
constraining the beamdiameter via adjustable iris apertures. The ionization of sodium is performed at a peak
intensity of 6.5 10 W cm12 2´ - , which is determined frompulse duration, energy and focal spot size
measurements.

4. Results and discussion

Todetermine if the simplemodel described in section 2.1 predicts the correct behavior for theCEP-, energy-,
and chirp-dependent ATI left-right asymmetry in sodium,wemeasure the spectrawith the aforementioned
setup, calculate themwith the TDSE andmodel them analytically. All threemethods are displayed side-by-side
infigure 4 for three different chirps.

Usingmotorized fused silica wedges, asymmetrymapswere recorded for different chirps by scanning the
amount of fused silica in the beampath over a range of 1.60 mm.The results of the scanwere evaluated and the
position producing slope s=0was assumed to belong to a pulse whose second-order dispersion is
compensated. For this position, we defined the propagation distance inside the glass to be d 0 mm= .

Infigure 4 asymmetrymaps obtained from the analyticalmodel, experimental data andTDSE calculations
are compared for d 636 mm= - (left), 0 mm (middle), and 636 mm+ (right). Calculations for both theoretical
models were performed employing a central wavelength ofλ=775 nm, an FTL pulse duration τ0=6 fs, a peak
intensity I 6.5 10 W cm0

12 2= ´ / and a group velocity dispersion k 38.22 fs mm2 = . This results in a chirp,
pulse duration and intensity of 24.3 fs2- , 12.7 fs and I 3.1 10 W cm0

12 2= ´ / (left), 0.0 fs2 and 6 fs (middle), as
well as 24.3 fs2+ and 12.7 fs (right) infigure 4.

Considering the few fundamental assumptions that went into building the analyticalmodel, the agreement
with themeasured data is remarkable. The twomain areas of visible asymmetry, namely around 1.9 eV and
3.4 eV, coincide between analyticalmodel and experiment. As discussed above and illustrated infigure 3, the
highest asymmetry is predicted at the intersection of adjacent peaks and thewidth of these regions increases with
the spectral bandwidth of the pulse. Thus, the analyticalmodel reveals the origin of the asymmetry structures:
Both, CEP and the laser spectral phase, i.e., the chirp, are imprinted on the electronic wave function. This
manifests itself in the formof asymmetries, due to interference of even and odd parity electrons, in between the
peaks.Moreover, the agreement between themeasurement, TDSE, and simplemodel confirms that a
multiphoton interpretation of the dynamics is appropriate as the analyticalmodel completely neglects
contributions from tunneling ionization or rescattering.Moreover, themeasurement andmodeling is in
excellent agreement with the results in [20]. Since xenon starts in a p-state, whereas sodium is originally in an s-
state, this shows that the nature of the stripe-like structures is independent of the symmetry of the initial state.

It is noticeable that themeasurements show additional structures, deviating from the perfectly striped nature
predicted by the analyticalmodel. An example of these structures are the inclined ‘tails’, departing from the
predicted horizontal structure, to the bottom left and top right side of themain horizontal stripes infigure 4(e).
Unsurprisingly, the TDSE asymmetrymaps (third row infigure 4) reproducemore of these effects.

The emergence of these irregular structures ismainly attributed to three factors. Firstly, the influence of the
atomic binding potential during the ionization process imprints an additional phase on the electron. The TDSE
capturesmuch of this influence, but relies on a pseudopotential, whichmay deviate from the realistic atom.
These effects of the atomic binding potential are neglected in the analyticalmodel.
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Secondly, the experimental pulse contains higher-order dispersion not accounted for in the calculations. By
numerically extending the analyticalmodel toGaussian pulses containing solely third- or fourth-order
dispersion, we confirmed that these higher-orders cause characteristic structures of their own.However, for a
Gaussian pulse chirped in the range−830 to 830 mm+ of glass, second-order dispersion dominates the
behavior of the asymmetry structures.

Thirdly, andmost importantly, sodiumhas several atomic resonances within the frequency bandwidth of
the pulse, which become especially important for ionization by chirped pulses. Of particular importance here is
the ground state tofirst excited state, s p3 3 , transition, which corresponds to 589 nm.We can observe this
resonance as a side peak around 1.7 eV in figure 1. As this is in the high energy part of the broadband laser
spectrumused here, it plays a strong role in laser-induced electron dynamics for negatively chirped pulses, for
which the leading edge is shifted to the short-wavelength high-energy portion of the spectrum. This allows
resonant excitation to an excited state followed by ionization, which significantly increases the ionization yield
[13], i.e., resonance-enhancedmultiphoton ionization (REMPI) [30]. In contrast, for a positively chirped pulse,
the resonance can only be slowly accessed and, thus, ionization is reduced. This effect is identified by inspecting
the evolution of the population of the 3s and 3p bound states and the total bound state population in the TDSE,
shown infigures 5(a), (c). A similar observationwas previously reported in [13] by analyzing TDSE calculations
of hydrogen. Depending on the chirp, different bound state dynamics were accessed, leading to differing final
photoelectron spectra. Although these factors are not considered in the analyticalmodel, there is good
agreement between it, TDSE andmeasurement.

To further confirm the predicted behavior of the slope of the asymmetry structure described in
equation (16), we perform a slope analysis, using the algorithmoutlined at the end of section 2.1, and plot the
slope of the structure as a function of fused silica in the beampath for the analyticalmodel, TDSE and
measurement infigure 5(b). Here, one sees that there is excellent agreement between themeasurement and

Figure 2.A scheme of the experimental setup:HCF (hollow-core fiber), CM (chirpedmirrors), BS (beamsplitter), FS (fused silica
wedges), IA (adjustable iris aperture), CEPM (CEphasemeter), TOF (time-of-flight spectrometer),MCP (micro-channel plate
detector), PD (photodiode), Na (atomic oven inside TOF).

Figure 3. Illustration of the influence of two pulse durations on thewidth of the area of asymmetry in the analyticalmodel. The pulse is
FTLwith 5 fs (top) and 8 fs (bottom) FWHMpulse duration.Overlayed are ATI peaks (right axis, blue). Shorter pulses producewider
peaks. The region of overlapwhere adjacent ATI peaks have comparable yield becomeswider and the asymmetry is visible over a larger
energy range for the shorter pulse.
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TDSE and that, despite its simplicity, the analyticalmodel quantitatively predicts the behavior quite well. As
expected, the analyticalmodel works better for positively chirped pulses, as the aforementioned resonance does
not play an important role there. The influence of the resonance can be seen in the jump in slope around 2 eV in
figures 4(d) and (g), which corresponds to the deviation betweenmeasurement and analyticalmodel around

600 mm- of fused silica infigure 5(b). The differences betweenmeasurement andTDSE aremost likely due to
the higher-order chirp in themeasurements. They become themore pronounced, themore glass is added.

Although thismeasurement can be extended to even larger chirps, the experiment becomesmore
challenging. As the absolute value of the chirp increases, the pulse length increases, which decreases the peak
intensity of the pulse and decreases the yield. However, thismight be circumvented by increasing the target
density, or adjusting the pulse energy. Nevertheless, here we displaymeasurements from the near FTL 6 fs pulse
to heavily positively and negatively chirped 15.7 fs pulses and even larger chirps could bemeasured given
sufficient count rate.

Note that as onemoves further into the tunneling regime; by some combination of increasing intensity,
increasingwavelength or decreasing ionization potential; the qualitative effect of stripes in the asymmetrymap
remains.However, in this regime electron rescattering ismuchmore prevalent and problematic than in the
multiphoton regime. This rescattering process, i.e., the ionized electron returning to and scattering off of the
parent ion, is highly sensitive to theCEP and thus creates additional structures in the asymmetrymap, which
makes the determination of the chirpmuchmore difficult if not impossible.

Figure 4.Asymmetrymaps of differently chirped pulses, for the analyticalmodel (first row), experimental data (second row) and
TDSE calculations (third row). (a), (d), (g) (first column) show the asymmetrymaps for 636 mm- of glass added to the pulse; (b), (e),
(h) (second column) show results for the pulses with compensated second-order dispersion; in (c), (f), (i) (third column) 636 mm+ of
glass were added. The analyticalmodel shows data obtained by taking the sumof two asymmetrymaps calculated by evaluating
equation (11) for P4 andP5 from equation (10).
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5. Summary

The carrier-envelope-phase- and chirp-dependentmultiphoton ionization of sodiumby few-cycle laser pulses
at 775 nmand 6.5 10 W cm12 2´ / has beenmeasured.We observed stripe-like structures in theCEP- and
energy-dependent left-right asymmetrymaps, whose inclination can be controlled by applying different chirps
to the laser pulse. Using a perturbativemultiphotonmodel, we explained this observation as the interference of
electronswith different parities in between adjacent above-threshold ionization peaks. The experimental
findings were comparedwith solutions of the three-dimensional time-dependent Schrödinger equation, as well
as an analyticalmodel. This allows us to derive a simple equation, which relates the slope of the stripe-like
structures to the chirp of the laser. Good agreement between the theoretically predicted and experimentally
measured slope is found, which suggests that the effect reported here could be used in online laser diagnostics in
parallel to an experiment tomonitor the chirp of the laser. Finally,measurement of the carrier-envelope-phase
in themultiphoton regime, even for longer pulse durations, is possible.
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