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Anisotropic emission in quantum-beat spectroscopy of helium excited states
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We present quantum-beat spectroscopy of excited states of helium atoms populated selectively with high-order-
harmonic emission below the atomic ionization potential by means of low-pass filtering of the pump radiation.
The created electron wave packet is ionized by few-cycle infrared (IR) pulses leading to characteristic peaks in
the photoelectron yield, which beat with a frequency proportional to the energy gap between the states involved
in the two-color photoionization process. Minimizing the direct ionization by the extreme ultraviolet (XUV)
radiation, we can follow the evolution of the electron wave packet also in the region of temporal pump-probe
overlap. A detailed time-frequency analysis of the quantum beats and direct comparison with the solution of
the time-dependent Schrodinger equation reveal the existence of quantum beats characterized by a final state
of mixed parity. Finally, we show that by varying the carrier-envelope offset phase of the probe pulse, one can
optically control the preferred direction of photoelectron emission and the contrast of such beats.
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I. INTRODUCTION

Quantum-beat (QB) spectroscopy is a powerful tool em-
ployed in femtochemistry [1] to study the electronic and vibra-
tional properties of atoms and molecules [2]. Here we used QB
spectroscopy in combination with high-order-harmonic (HH)
excitation [3] in order to study the evolution of an electron
wave packet (EWP) composed of high-lying states of He.
The HH radiation corresponds to attosecond pulses in time
domain, which sustain a bandwidth of several electronvolts
and are centered in the vacuum ultraviolet (VUV) or extreme
ultraviolet (XUV) [4,5]. Attosecond QB spectroscopy may
therefore be used to study broad excitation bandwidths and
tightly bound energy levels that are not reachable with
infrared (IR) femtosecond excitation with unprecedented time
resolution [6—8].

So far, attosecond wave-packet dynamics involving such
bound states has only been studied using attosecond transient
absorption spectroscopy (ATAS) [9], which recently demon-
strated its potential to investigate QBs in He [10] and Ne [11].
Here we show that phenomena such as nonadiabatic Stark
shift [12], population of light-induced states [13], and “direct-
indirect” interference of different excitation pathways [14,15]
can, in principle, also be observed in the QB signal. In
contrast to ATAS, however, QB spectroscopy can be used
to study the angular content of the EWP. Furthermore, the
energy resolution is, in principle, limited only by the natural
linewidth of the excited-state levels. In this paper, we present
the experimental observation of QBs in He obtained by
exciting the EWP with a tailored XUV pump, situated below
the He ionization potential. This renders the measurement
background free and allows for a complete study of the
EWP, including the region of pump-probe overlap where the
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evolution of the system is strongly influenced by the IR probing
field [16,17]. Furthermore, measuring the electron yield as a
function of the carrier-envelope offset phase (CEP) [18] of
the driving pulses and comparing with the solution of the
time-dependent Schrodinger equation (TDSE), we revealed
the existence of QBs with mixed parity, characterized by an
asymmetric emission.

The paper is organized as follows. The physical mecha-
nisms at the basis of the two-color photoemission of He are
described in Sec. II. Section III contains the description of
the experiment and the results. A time-frequency analysis and
the comparison with the calculations are presented in Sec. IV,
while we investigate the spatial asymmetry in photoemission
and the role of the CEP in Sec. V. Finally, Sec. VI contains
the conclusions.

II. PHYSICAL MECHANISMS IN TWO-COLOR
PHOTOEMISSION

Both direct ionization and excitation of bound EWP can
be observed when using XUV pulses with a broad spectrum
centered on the atomic ionization potential. In a pump-probe
experiment, the probe can subsequently ionize the excited part
of the EWP and give an electron yield that oscillates with
the pump-probe delay. In this case, two main contributions
to the modulations are expected: (i) quantum beats [19-21]
and (ii) “direct-indirect” interference [22,23]. QBs arise from
the interference of different ionization pathways involving two
atomic states (i, j), which give the same final electron energy.
If E; and E; are the energies of the two excited states, then the
condition E; +nhw = E; 4+ n’he’ has to be satisfied. Here,
n and n’ are two integer numbers describing the number of
absorbed photons of energy fw and he', respectively (with
o and " within the spectral bandwidth of the IR pulse). A
schematic of the process is presented in Fig. 1. The XUV
pulse first populates the excited states of He [Fig. 1(b)],
which are subsequently ionized by the IR pulse [Fig. 1(c)].
The photoionization probability as a function of delay is thus
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FIG. 1. (Color online) Schematic of the quantum-beating mech-
anism. (a) Experimental high-order-harmonic spectrum composed of
only two harmonics obtained with a 200-nm-thick Sn filter. (b) Direct
excitation of a coherent superposition of 1snp levels by absorption of
XUV photons. (c) Subsequent ionization by IR photons leading, e.g.,
to the 4p-2p beating signal.

modulated with a frequency w;; = (E; — E;)/h proportional
to the relative energy separation of the states involved and
does not depend on the final electron energy. Conversely,
mechanism (ii) happens when direct XUV ionization interferes
with indirect two-color ionization. The phase accumulated by
the directly ionized electron depends on the final velocity.
This leads to the appearance of interference fringes following
hyperbolic curves [24] in the time domain or, equivalently,
lines at 45° in the Fourier transform of the spectrogram.

The role of mechanisms (i) and (ii) in the photoemission
from helium atoms was first investigated by Mauritsson
and co-workers in Ref. [23]. The authors employed single
attosecond pulses in combination with short IR pulses in
a pump-probe scheme and angular detection of the photo-
electron. By performing an expansion of the full angularly
resolved photoelectron distribution as a sum of Legendre
polynomials, they could disentangle the beating signal coming
from ionization processes that end in a state of defined or
mixed parity (i.e., appearing in the even or odd coefficients of
the expansion). In their particular experimental configuration,
the authors claim that “direct-indirect” interference is expected
to involve electrons that have absorbed a different number of
photons. Since an odd total number of IR photons is thus
absorbed by the two interfering pathways, the signature of
their interference will appear in the odd coefficients of the
expansion. On the other hand, QBs were predicted to dominate
in the even coefficients. As a result, this symmetry property
could, in principle, be applied to isolate the QBs even if direct
ionization of the target takes place. Here we show that this
is not generally the case. In the presence of probe pulses
characterized by a broad bandwidth, both mechanisms (i) and
(i1) can indeed give final states with even or odd parity. For
example, the “direct-indirect” interference between electrons
directly ionized by the 17th harmonic and those which have
absorbed one photon from HH15 plus two IR photons will
be characterized by a final state with even parity and thus
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appear in the even coefficients of the expansion. Concerning
mechanism (i), our results obtained without direct ionization
show that QBs can as well arise from final states with mixed
(odd) parity which will appear in the odd coefficients of
the expansion. Furthermore, we show that the parity of the
final state is strongly influenced by the probe field in the
region of temporal overlap. It follows that the above-mentioned
procedure cannot be applied to disentangle the contribution of
mechanisms (i) and (ii) in this case.

After the first results obtained with single attosecond pulses,
theoretical and experimental investigations have shown that
the same kind of information can be obtained with attosecond
pulse trains (APTs) [3,25,26]. Nevertheless, also in these
works, direct ionization by the XUV radiation prevented a
direct study of the evolution of the EWP for every value of
pump-probe delay. In the next section, we will show how it is
possible to tailor the pump spectrum in order to minimize the
effect of mechanism (ii) and overcome this limitation.

III. EXPERIMENTAL SETUP AND RESULTS

In order to obtain a background-free measurement of QBs,
we generated a comb of high-order harmonics in Xe with 15-fs
IR pulses at a central wavelength of 789 nm. Details of the
setup can be found in Ref. [27]. The generated HHs were subse-
quently filtered with a 200-nm-thick tin (Sn) foil to select only
HH13 and HH15, which lie below the ionization potential of
He at 24.59 eV [see Fig. 1(a)]. This procedure reduces the con-
trast of the APT and transforms it into a few-femtosecond XUV
pulse modulated at twice the fundamental IR frequency, but
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FIG. 2. (Color online) (a) Spectrum of the XUV radiation with-
out the Sn filter. Solid line represents the simulated APT; dashed
line and shaded area represent the experimental one. The simulated
train has a Gaussian envelope with 5 fs FWHM. The pulses are
characterized by a time duration of 400 as. (b) Same as in (a), but after
filtering with the Sn foil. (c),(d) Temporal behavior of the respective
simulated spectra shown in (a) and (b). As expected, the filtering
procedure reduces the contrast of the individual attosecond pulses in
the train, but preserves a subcycle intensity pulsation.
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FIG. 3. (Color online) Experimental photoelectron spectra as a function of the delay between the IR femtosecond pulse and the XUV APT
(positive delays correspond to XUV arriving first). Oscillations of the emission lines clearly appear in the region of pump-probe overlap and
extend to positive delays. These spectral features can be attributed to two-color ionization involving one XUV photon and one to three IR
photons, as underlined by the theoretical transition lines on the right. The delay axis has been calibrated by looking at the maximum electron

yield in two-color ionization using the full harmonic spectrum.

still allows for subcycle resolution. Figure 2 shows the effect of
the Sn filter on a numerically generated APT that resembles the
experimental one. The XUV radiation was then recombined
with a delayed portion of the IR pulse. Both beams were
focused on a He target placed in front of a time-of-flight (TOF)
spectrometer which collected the electrons emitted towards the
detector in a cone with an opening angle of 30°. The IR inten-
sity at the focus was varied between 0.9-1.5 x10'> W/cm?.
The CEP of the IR pulses was actively stabilized.

Figure 3 shows the recorded photoelectron spectra as a
function of the delay between the XUV and IR pulses. Each
spectrum has been acquired averaging over 20 000 laser shots.
A background signal with no pump was acquired every 20
delay steps. When the IR pulse arrives after XUV excitation
(positive delays), peaks at the energy position of np states
plus an integer number of IR photons appear. These lines
correspond to a sequential two-color transition where the XUV
photons first populate excited states of He and subsequently
the IR ionizes them (see the horizontal lines on the right-hand
side of Fig. 3). The main features appearing at 0.07, 0.73,
1.64, 2.30, 3.21, and 3.87 eV correspond to ionization of 3p
and 4p states via one, two, or three IR photons, respectively.
A signature of the 5p ionization appears at 1.03 eV. As the
raw data already show, the signal associated with these peaks
oscillates periodically with the pump-probe delay.

IV. TIME-FREQUENCY ANALYSIS AND COMPARISON
WITH THEORY

A deeper understating of the atomic states forming
the EWP can be obtained looking at the spectral content
of the QBs. Figures 4(a) and 4(b) show the Fourier transform of
the experimental data in Fig. 3 along the delay axis for the full
delay range and for delays bigger than 70 fs, respectively. QBs
of the 3p to 7p states with the 2p state are visible as vertical
lines in both cases and are marked with blue arrows in Fig. 4(b).
The total Fourier transform in Fig. 4(a) shows some additional
features: first, weak tilted lines, marked with red arrows, due
to the “direct-indirect” interference involving residual HH17

that is not completely suppressed by the Sn foil and, second,
stronger broad features around hwy ~ 1.55 eV predominantly
positioned at the peak of the 3p state. Both features may
be observed only when the pump and probe overlap in time
(small delays around zero) and contain information about the
behavior of the IR-dressed states, as we will discuss later on.

The time-frequency (Gabor) analysis of some selected
emission lines is presented in Fig. 4(c). It shows that the
QB frequencies match the unperturbed theoretical values only
for long delays. For short delays, the IR field perturbs the
system, polarizes the EWP, and modifies its spectral content.
The strongest effect is observed in the case of the 3p-2p QB,
which moves from a broad feature around hwy =~ 1.55 eV for
short delays to its unperturbed value at 1.869 eV for long
delays. A relatively strong shift may be seen also in the case of
the 6p-2p QB with the unperturbed value of 2.993 eV, which
is close to 2hwy.

It is important to point out that in order to observe QBs with
a periodicity that is noncommensurate with the frequency of
the IR probe field, the starting APT (its envelope) has to be
short enough. This ensures, on one side, enough bandwidth
to efficiently populate the atomic state. On the other side,
it minimizes the reduction in modulation contrast following
the excitation of QBs by different pulses in the XUV pulse
train. Figure 5 depicts a comparison of photoelectron spectra
obtained with two different APTs, subsequently filtered to
select only HH15 and HH13. As it is possible to observe, the
use of 25-fs driving pulses instead of 15-fs pulses (first row vs
second row in Fig. 5) already strongly reduces the amplitude
of the QB signals. The more the beating frequency differs
from 2hw, the more the QB signal is suppressed with longer
excitation pulses. This can be seen in the 3p-2p QB marked
by the vertical black dashed line in Figs. 5(e) and 5(f). The
stronger reduction of these beats can be easily understood in
terms of subsequent excitation by different pulses of the XUV
radiation. During the interaction, each of the attosecond pump
pulses separated in time by Tp/2 = 7 /wy starts a QB, which
oscillates with its characteristic frequency. If this frequency
is closer to wy, QB contributions from subsequent excitations
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FIG. 4. (Color online) Fourier transform of the spectrogram presented in Fig. 3 along the delay axis, which allows for the identification of
the states forming the EWP. (a) Total signal; (b) signal only for delays bigger than 70 fs excluding the pulse overlap region. In both cases, the
spectral intensity has been multiplied by a factor of 20 outside the orange box centered around the 3p-2p QB line to better visualize the different
spectral components. The QB signals involving states from 2p to 7p appear as vertical lines in both pictures. Blue arrows mark the QB energies
based on the unperturbed theoretical atomic levels. In (a), the features around 3.2 eV with 45° tilt represent a signature of the direct-indirect
interference. (b) These spectral features, as well as the peaks at hwy ~ 1.55 eV, disappear for large delays. (c) A Gabor analysis of selected
QBs shows how the spectral components of the EWP evolve with the delay between the pump and probe. Central energy and integration range
are indicated in the three subpanels. The horizontal dot-dashed blue lines mark the theoretical position of the QBs based on an unperturbed He

atom.

will be out of phase, thus giving a constant total electron yield.
On the other hand, QBs which oscillate with a frequency close
to twice the IR-probe frequency will be in phase and sum
up constructively. Therefore, the fingerprint of the latter QBs
can still be detected also with relatively long excitation XUV
pulses [see Fig. 5(e)]. We want to stress that the longer the

IR-probe pulses, the narrower their bandwidth and the less
likely the requirement for a common final electron energy will
be met. Long IR pulses may therefore reduce the strength of
the QB signals independently from the pumping mechanism.
In order to confirm and interpret our observations, we
solved the time-dependent Schrodinger equation (TDSE). The
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FIG. 5. (Color online) Comparison between long and short XUV excitation pulses. (a),(b) Spectra of the pump XUV pulse obtained by
selecting HH15 and HH13 from an APT generated with 25-fs and 15-fs IR pulses, respectively. (c),(e) Photoelectron spectra as a function of
pump-probe delay and their Fourier analysis for the XUV pump in (a) in logarithmic color scale. (d),(f) Same for the excitation pulse displayed

in (b).

063406-4



ANISOTROPIC EMISSION IN QUANTUM-BEAT ...

PHYSICAL REVIEW A 91, 063406 (2015)

T T T T T T T T T 0 > o T "L N mlo, - T 1.0
S 4@ 4431 i L O
> N < ] ] T TTO A
@ 1‘\ 53 Nl [T /// 05
| y AL RARER 2 | . ) 1
5 3 i Al S gl |3 35T, ' SRl 7Y
8 G 2 g " y e g
o 2 D O 2 / N
c o e ———— 35 ¢ -055
S W i s S <
3 1 R P of
L] o - wo
0~ T = T T T T = -5 0= -1.5
-20 0 20 40 60 80 100 120 140 0 1 2 3 4
Delay (fs) Energy (eV)

FIG. 6. (Color online) Results of the TDSE calculations. (a) Calculated spectrogram and (b) its Fourier transform. To better compare the
calculated data with the experimental results, a logarithmic color map has been adopted in both. This partially compensates for the reduced
collection efficiency of slow electrons in the experiment. All of the experimental features are well reproduced by the calculations.

simulations were performed using the single-electron model
of He with the pseudopotential V(r) = —(1 + exp{—ar})/r,
where o = 2.1325. The solution was obtained in the veloc-
ity gauge using the adaptive-step fourth-order Runge-Kutta
method with a high (12th)-order finite-element radial basis of
size 192 and spherical harmonics with the degree [ up to eight.
Photoelectron spectra were calculated by the time-dependent
surface flux (tSURFF) method [28,29] integrating the wave-
function flux at the boundary of the simulation region with the
diameter R = 100 a.u. The shapes of both pulses were taken
directly from experimental measurements. The spectrum of the
filtered pump consisting of only two harmonics was assumed
to be equal to the experimental one in Fig. 2(b). The phase
relation between the two harmonics was retrieved performing
a RABBITT (Reconstruction of Attosecond Beating By In-
terference of Two-photon Transitions) [30] measurement with
the full spectrum in Fig. 2(a) in Ar and subsequently applying
the transmission of the Sn filter numerically [31]. The intensity
of the filtered XUV pulse was set to 4.2 x 10% W/cm?. The
IR pulse was characterized with spectral phase interferometry
for direct electric-field reconstruction (SPIDER) [32] giving
a time duration of 15 fs. Its peak intensity was set to 1.72 x
10'> W/cm?. The vector potential of both pulses was then ob-
tained by numerical integration using the trapezoidal rule. The
time step of pump-probe delays in the calculation was 0.25 fs.

The results of the numerical calculations are reported in
Fig. 6. All of the major features observed experimentally are
reproduced both in time domain [Fig. 6(a)] and frequency
domain [Fig. 6(b)]. Furthermore, our calculations give access
to the angular dependence of the electron yield in the
polarization plane. In particular, they show that the hwg
signal appearing at pump-probe temporal overlap in Fig. 6(a)
disappears when photoelectrons are simultaneously detected in
opposite directions. This asymmetric signal, mainly detected
in the 3p-2p QB, is caused by two mechanisms: different
number of IR photons absorbed in the two ionization pathways
and IR-induced coupling with nearby dark states. In the case
of the signal corresponding to the 3p-2p QB, the electrons
originating from the 2p state absorb one photon more than
those from the 3p state in order to have the same final energy.
As the final states of these two channels have different parity,
the resulting signal depends on the direction of detection and
therefore oscillates with Awg instead of 2hwy. In contrast, QBs

between 2p and the higher-lying states (4p, 5p, and 6p), where
the same final energy can be reached with the 2p electrons
absorbing two additional IR photons, are characterized by a
unique parity of the final state and thus symmetric emission.
However, this simple picture can be complicated by the
coupling with nearby dark states. Indeed, the coupling of
the 2p state with the dark 3s and 3d states through the IR
field can result in a nonadiabatic polarization of the excited
EWP leading to an asymmetric emission, which enhances
the hwy signal. A population analysis performed projecting
out the dark 3s and 3d states during the calculations shows a
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FIG. 7. (Color online) Calculated pump-probe signals for 3p to
6p ionization via one IR photon, yielding electrons at 0.21 0.1,
0.68 £0.19,1.02 £ 0.125, and 1.23 & 0.05 eV. The curves represent
electrons integrated in a cone with 30° opening angle. The solid black
line corresponds to the cone pointing towards the detector, whereas
for the red dashed line it points in the opposite direction. In contrast
to the other QBs, the 3p-2p QB signals emitted in opposite directions
are out of phase also for big pump-probe delays (panels on the right
column).
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~1.5 x 10> W/cm? and 1.72 x 10'> W/cm? in the calculations.

partial suppression of the hwy signal corresponding to 3p-2p
interference and confirms our picture. This second source of
emission asymmetry can also be detected in the QBs involving
the higher states even though the same number of IR photons is
absorbed in this case. As it can be seen in Fig. 6, a weaker hwy
component coming from this latter mechanism, but involving
the dark states 4s and 4d, is present also in the emission from
the 4p state with two IR photons. Although this signal is weak,
it is still observed in the experimental data with short IR pulses
[see Fig. 5(f)].

Figure 7 offers a more detailed view of the induced
asymmetries. It shows a comparison between the electrons
emitted in a cone with a 30° opening angle pointing either
towards the detector (as in the experiment, black solid line)
or in the opposite direction (red dashed line). At this point,
it is convenient to make a distinction between the region
of pump-probe overlap (left panels) and the region outside
overlap (right panels). At the overlap, some asymmetry in the
emission direction is observed for most QBs. The asymmetric
signal oscillates with the laser frequency, in agreement with
the previous considerations. Outside the overlap, all of the
QBs besides the 3p-2p signal do not strongly depend on the
detection direction. The asymmetry of the 3p-2p signal lasts
even for long pump-probe delays with the frequency gradually
shifting from hwy towards the 3p-2p beating frequency as
the overlap of pulses diminishes [see also Fig. 4(c)]. This
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FIG. 9. (Color online) Experimental photoelectron spectra as a
function of pump-probe delay and for two different values of the CEP,
(a) ¢ and (b) ¢,, marked with vertical red-dashed lines in Fig. 8(b).
(c)—(e) Selected QBs corresponding to the peak in the electron
yield coming from 3p 4 hv, S5p 4+ hv, and 3p + 2hv transitions,
respectively.

demonstrates that even outside of the region of pulse overlap,
the QBs can differ in parity. Performing a Legendre polynomial
expansion of the photoelectron yield, the QBs corresponding
to 4p-2p, Sp-2p, and 6p-2p will dominantly appear within the
even coefficients, whereas the asymmetric 3p-2p signal will
contribute mostly to the odd terms. Thus the previously pro-
posed procedure of Legendre polynomial expansion (reported,
e.g.,inRef. [23]) is unable to reliably disentangle the QB signal
from the “direct-indirect” interference.

V. ROLE OF THE CEP

Although the experimental setup does not allow us to detect
photoelectron spectra in opposite directions, we can probe
the same effect by controlling the CEP of the generating IR
field. As a CEP shift of m effectively reverses the direction
of detection, we expect the amplitude of the 3p-2p QB to
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modulate with 2w periodicity outside of the pump-probe
overlap, while the other QBs should be m periodic. The
experimental results reported in Fig. 8 confirm this picture.
In addition, the calculations reveal that the nonadiabatic
polarization of the EWP is important also for long delays
and that the 2 -periodic component of 3p-2p QB is strongly
enhanced by the presence of both 3s and 3d states.

By changing the CEP of the driving field, it is also
possible to change the position of the attosecond pulses
under the envelope of an APT and generate a cosinelike or
a sinelike train. As discussed in Sec. IV, since the periodicity
of the QBs is generally not a multiple of the IR cycle, one will
expect the observed modulation contrast to strongly depend on
the shape of the pump pulse train below the envelope. In order
to observe this effect, we performed a delay scan for two values
of the CEP differing by /2. The values of the CEP correspond
to a maximum, ¢, and a minimum, ¢,, of the 5p yield and are
marked by the vertical red dashed lines in Fig. 8(b). The results
are presented in the spectrograms shown in Figs. 9(a) and 9(b).
As one can observe, the contrast of the QBs changes strongly
with the value of the CEP in a nonuniform way. The QBs
which display a strong asymmetric emission [e.g., the 3p-2p
QB in Figs. 9(c) and 9(e)] are more affected by the shape of the
pump pulse, while the signals of the other QBs [e.g., 5p-2p in
Fig. 9(d)] change less. Furthermore, for QBs characterized by
a final state of mixed parity, a change in the CEP produces not
only a change in the modulation contrast, but also in the timing
of the oscillations. This latter effect counteracts the rotation of
the IR-probe field caused by a change in the CEP.

PHYSICAL REVIEW A 91, 063406 (2015)

VI. CONCLUSIONS

In conclusion, our results demonstrate that proper tailoring
of the harmonic spectrum associated with an APT allows
for selective excitation of electronic states, thereby exclud-
ing direct ionization. This paves the way for a detailed,
background-free study of the EWP evolution in the time
window where pump and probe overlap. During this time
window, the dynamics of the formed EWP is deeply modified
by the intense IR field, which mixes the angular components of
the electronic wave function. Our results show that not all of the
QBs are characterized by final states of the same parity. In these
particular cases, one can control not only the amplitude of the
QBs by varying the pump-probe delay, but also the preferred
direction of photoelectron emission. Comparison with the
solution of the TDSE shows that the IR field strongly influences
the angular properties of the EWP even when pump and probe
do not overlap in time. Finally, the high photon energies of the
high-order harmonics make this technique suitable to study
states with binding energies not accessible with IR pulses,
e.g., metastable states of molecular dications. Furthermore, the
combination of HH excitation with a tunable pump should pave
the way for quantum-carpet spectroscopy [33] with attosecond
and picometer resolution.
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