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Abstract: We present a setup for the generation of phase-locked attosecond extreme ultraviolet
(XUV) pulse pairs. The attosecond pulse pairs are generated by high harmonic generation
(HHG) driven by two phase-locked near-infrared (NIR) pulses that are produced using an actively
stabilized Mach-Zehnder interferometer compatible with near-single cycle pulses. The attosecond
XUV pulses can be delayed over a range of 400 fs with a sub-10-as delay jitter. We validate the
precision and the accuracy of the setup by XUV optical interferometry and by retrieving the
energies of Rydberg states of helium in an XUV pump—NIR probe photoelectron spectroscopy
experiment.
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1. Introduction

Attosecond pulses have enabled many new insights into atomic, molecular, solid state, and
nanoscale physics [1-3]. Most experiments employ a combination of an attosecond pulse train
(APT) or an isolated attosecond pulse (IAP) generated via high harmonic generation (HHG) with
a low frequency driving pulse, which can lie in the ultraviolet (UV), visible, near infrared (NIR),
or infrared spectral range. The observable experimental signal is then recorded as a function of
the delay between the APT/IAP and the low-frequency laser field.

In the visible to infrared spectral ranges, multidimensional spectroscopies using phase-locked
sequences of multiple femtosecond pulses have become established experimental techniques
to explore collective dynamics and correlations in matter [4—13]. By employing sequences of
multiple pulses and measuring a non-linear signal as a function of the delays between those
pulses, frequency-domain information can be associated with the pump and/or probe laser
interaction (by means of a Fourier Transform) and all non-linear optical responses can be
measured simultaneously, so that couplings between quantum states can be revealed.

First advances to transfer multidimensional spectroscopy into the attosecond science field have
been made by combining an XUV pulse with multiple NIR pulses [14], or by preparing multiple
independent XUV sources. Pairs of XUV pulses can be generated either by directly splitting an
XUV beam, or by splitting the generating NIR beam with subsequent HHG. The first method was
implemented as a Michelson interferometer for VUV pulses by means of transmission gratings by
Goulielmakis et al. [15]. In the XUV range, beam splitting can be implemented by a mirror pair.
These methods have been used for temporal coherence measurements of HHG radiation [16],
attosecond pulse duration measurement by non-linear autocorrelation [17], linear and nonlinear
Fourier transform spectroscopy [18,19], and as an approach towards the realization of VUV-XUV
pump-probe experiments [20-22]. The generation of an XUV pulse pair by splitting an XUV
beam is relatively straightforward and the XUV-XUYV delay jitter is intrinsically minimized due
to the common-path geometry. However due to the geometric splitting of the XUV beam into two
halves by a mirror pair, the quality of the focus that can subsequently be achieved is compromised
due to the sharp cut in the spatial profiles and the spatial fringe caused by non-collinearity after
the splitting [23].
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Phase-locked XUV pulse pairs with a variable delay can also be generated by splitting the
NIR driving pulses before the XUV pulse generation by HHG. In the literature a number of
implementations are described that accomplish this. Pulse pairs with a delay jitter of 300 zs and a
delay range of 120 fs have been generated by LCD based 4£-line polarization pulse shaping [24].
Drawbacks of this method are poor transmission, pixelation and phase wrapping artifacts leading
to satellite pulses, and spatio-temporal couplings [25]. Alternatively, two pairs of birefringent
wedges can be employed for pulse splitting [26,27]. This approach is limited to >10 cycle
pulses, due to the dispersion differences induced by propagation along the o— and e— axes of the
birefringent material. Spatial wavefront pulse shaping can be used for dispersion-less high phase
stability pulse pair generation [28]. However, this method is restricted to delay ranges of only a
few optical cycles.

A straightforward alternative to all of the aforementioned methods is the use of a Michelson
or Mach-Zehnder interferometer [29-34]. With this method large delay ranges can easily be
implemented, however maintaining a degree of phase-locking that leads, upon HHG, to the
generation of phase-locked XUV pulses, is non-trivial.

In the present work, the challenge is to generate two phase-locked attosecond XUV pulses
with a variable time delay over a ~ 400 fs range. For XUV pulses in the 10 to 50 eV range the
driving pulses should then have a delay stability of better than 10as. We accomplish this by
the development of a phase-locked, few-cycle compatible Mach-Zehnder interferometer with
low and balanced dispersion and equal wavefronts in both interferometer arms. In this paper
we present the setup and describe the generation of two phase-locked attosecond pulses. This
approach has already been used to prepare a combination of two phase-locked APTs to control
entanglement in molecules [35,36].

2. Phase-locked NIR pulse pair generation

A Mach-Zehnder interferometer is constructed to split and delay the NIR pulses into phase-locked
pairs of identical pulses (cf. Figure 1). The interferometer is designed to be compatible with
few-cycle pulses. The coatings on the 1 mm thick beamsplitters are low-dispersion ultrabroadband
coatings (106896, Layertec GmbH) with a reflectivity R = 50 % over a range from 440 to 1020 nm,
and with a dispersion <5 fs? over this range. The backsides are antireflection-coated to reduce
losses and also to provide less unilateral stress to the glass to minimize residual surface bend.

Phase-lock with attosecond precision is achieved by a combination of passive and active
stabilization. The interferometer is constructed on the smallest possible footprint with an
interferometer arm length of only ~50 mm. The interferometer breadboard "floats" on Viton
o-rings recessed into the underside of the breadboard to decouple the interferometer from laser
table vibrations in the 100 Hz range. Arm A contains the time-delay stage (piezo stage PIHera
P-620.10L, Physik Instrumente) with a minimum incremental motion of 0.1 nm and a maximum
travel range of 60 um and controls the time-delay Txyy.xuv between the two pulse replicas
produced in the interferometer. The retroreflecting mirror pair is mounted on a stainless steel
plate to increase the mass and thus shift the resonance frequency below prominent noise sources
in the lab. In order to find the zero delay and for extension of the delay range, arm B contains
a 21 mm range piezo stick-slip stage (SLC-1730-S, Smaract). A lateral beam offset between
arm A and arm B can be introduced and controlled with a second SLC-1730-S stage mounted
at a 90 degree angle to the beam axis in arm B. The recombining beamsplitter is mounted onto
a piezo mirror mount (Polaris-K05P2, Thorlabs). This allows for very precise overlap of the
two NIR beams, as well as the controlled introduction of an angle between the two beams. As
illustrated in Fig. 1 this enables collinear as well as non-collinear operation with a controlled
setting of the beam lateral positions and tilt angles [37]. This enables control over the angle and
the overlap between the two beams in the focus or in the far field.
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Fig. 1. Mach-Zehnder interferometer for the generation of phase-locked NIR pulse pairs.
One NIR pulse can be delayed by a piezo stage in arm A (solid red beam). A translation
stage in arm B allows to adjust the lateral beam position and the second beamsplitter can be
tilted to adjust the beam tilt angle for non-colinear operation (indicated by the transparent
red beam). A beam tilt becomes a lateral beam shift after the focusing element (indicated by
the lens) and vice versa. For active phase stabilization a cw laser is co-propagated through
the interferometer below the NIR beam (see the view along the beam axis). In arm B a
wedge is placed (below the NIR beam) to tilt the cw beam by a fixed angle. This leads to
fringes, which are monitored by a CMOS camera (Cam 1). After evaluation of the phase
drift, a feedback signal is sent to the delay stage in arm A.

The flexibility to operate in a non-collinear as well as a collinear geometry allows interferometry
experiments [38—4 1] and Fourier transform experiments [29-31,33,34]. The advantage of the non-
collinear geometry is the possibility of using two independent non-overlapping HHG sources for
two source interferometry. The collinear setup allows to perform Fourier transform spectroscopy
experiments with highest interference contrast.

The passive stabilization leads to a short term delay stability of oo = 5 to 10 as. However, due
to air currents and thermal effects (the interferometer consists of various materials with different
thermal expansion coefficients), the delay will slowly drift at a rate dependent on environmental
conditions (see Fig. 2(a)). Therefore, active phase-stabilization is employed with a frequency
stable cw laser as absolute length reference. The cw laser (Cobolt Blues, Hiibner Photonics)
has a wavelength of 473.36 nm, a <1 MHz linewidth, and a stability of <1 pm (0.001 nm) over
8 hours in typical laboratory conditions (+ 2 centigrade temperature swing). For successful
sampling of XUV spectra up to Enpx = 100eV (— Apin = 12.4nm) a minimal stepsize of
OTmin = Amin/2¢ = 20 as is required according to the Whittaker—Nyquist-Shannon sampling
theorem. Therefore we aim for a 1-o delay jitter better than 10 as, which corresponds to a
phase stability of better than 40 mrad for a 473.36 nm cw stabilization laser. With 3 mW average
power, N = 5 x 10'? photons are detected per frame (1.5 kHz detection rate), resulting in a phase
detection noise of 6¢ = 7/ \/N_/Z = 2 prad, which is negligible compared to the required 40 mrad
phase-stability. At the same time, the accuracy of the delay is guaranteed by the wavelength
stability of the 473.36 nm cw laser. For a wavelength error of 64 = 1 pm the delay error amounts
to At61/A = 0.8 as for a delay range At of 400 fs.

The cw laser beam enters the interferometer through the backside of the recombining
beamsplitter and exits through the backside of the first beamsplitter (where the NIR femtosecond
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Fig. 2. Optical measurement of the interferometer phase drift using the cw laser. (a) Phase
drift of the unstabilized interferometer. (c) Phase drift with active feedback stabilization. (b)
and (d) show the phase jitter histograms for the data in (a) and (c).

beam enters). The cw beam is aligned to a height just below the NIR femtosecond beam (see
inset in Fig. 1). Both, the cw and the NIR beams reflect off and propagate through the same
optics (two beamsplitters, 4 silver mirrors), just at different heights. In arm B a wedge (30 arcmin
face angle) is placed just below the femtosecond beam near the recombining beamsplitter to
introduce a small angle a between the two cw beams from both interferometer arms, leading to a
difference in the x-components of the wavevectors Ak, ¢y = k; cw sin @, where k., is along the
propagation direction of the cw beam. A lens re-images the plane of the wedge onto a CMOS
camera. Tilt fringes are observed, i.e. a cos (¢ + Ak, cwx) spatial modulation of the beam image
on the camera, where ¢ is the shift in the phase of the interferogram due to the drift between the
two arms of the interferometer. The phase term ¢, is extracted via FFT processing using the
Takeda algorithm [42]. Using a fast USB3 CMOS camera combined with readout of a small
region of interest (ROI) allows for acquisition and processing speeds of typically 1.5 kHz. From
the extracted phase signal we obtain an error-signal (i.e. the difference to a user-defined setpoint)
which is fed into a software proportional integral differential (PID) controller. This drives the
piezo stage (cf. arm A in Fig. 1) to control the delay. The servo rate is set to 20 Hz to avoid
inducing vibrations into the piezo stage. Thanks to the passive stability of the setup we only have
to control the slow phase-drift.

To perform time delay scans a requested time delay txyv.xuy is converted to a phase-value ¢,
in radians by: ¢, = 2ntxyv.xuv/Tew, With the period of the cw laser T,y,. The piezo stage is
moved slowly whilst keeping track of the measured phase. Fast acquisition is important here. This
way any arbitrary ¢, (containing very large multiples of 27) can be reached without losing the
phase-lock. As the cw laser provides only a phase relative to an arbitrary zero-point, we perform
an HHG scan before an experimental run to determine the absolute Txyv.xuv = O position. The
corresponding phase is saved as a reference and an absolute phase-lock with 6 to 9 as rms can be
kept for 24 h over multiple days whilst continuously scanning over hundreds of fs range multiple
times.

The phase stability is recorded over an extended time using the fringe patterns of the cw laser
beam. As seen in Fig. 2(a) the passive stability leads to a short term jitter below 10 as, but the
interferometer drifts over many tens of attoseconds within half an hour. Figure 2(b) shows the
delay stability data with the active feedback (see section 2.) engaged. The measured residual
delay jitter amounts to just (8.6 + 1.1) as rms, which meets our stability goal of delay jitters below
10as.
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3. Phase-locked XUV pulse pair generation

In the experiment, phase-locked NIR pulses that are obtained from the Mach-Zehnder interfer-
ometer described in section 2 are employed to produce a phase-locked pair of XUV pulses, using
high-harmonic generation (HHG). To this end, the Mach-Zehnder interferometer described in sec-
tion 2 is placed in the XUV arm of a two-color XUV +NIR Mach-Zehnder interferometer, where
attosecond XUV pulses and NIR pulses that are used in an attosecond XUV +NIR pump-probe
experiment are produced with a controllable time delay. The current section 3 describes the
complete experimental setup and shows spectral measurements that characterize the performance
of the Mach-Zehnder interferometer detailed in section 2. Subsequently, section 4 describes
experiments on two-color XUV +NIR ionization of helium that provide a further, independent
characterization of the Mach-Zehnder interferometer.

Few-cycle pulses are generated by hollow core fiber pulse compression. Pulses with energies
of up to 2mJ and durations of 28fs from a Ti:Sapphire laser system (Aurora, Amplitude
Technologies) are coupled into a 1 m long fused silica waveguide (1002562, Hilgenberg GmbH)
with a core diameter of 340 um filled with up to 3 bar of neon gas in gradient pressure configuration
[43]. The bandwidth is increased up to a full octave. Pulse energies up to 1.4 mJ are obtained
after the fiber. Phase compensation is achieved by a combination of double angle chirped mirrors
(PC70, Ultrafast Innovations GmbH) [44,45] and fused silica wedges (OA925, Spectra-Physics
Femto-Optics). To compensate for the negative third-order dispersion acquired in the non-linear
pulse compression scheme [45,46] a 2 mm long z-cut potassium dihydrogenphosphate (KDP)
crystal is employed. For this experiment the compressed pulses have pulse durations of about 5 fs.

The compressed NIR pulses are sent to a phase-stabilized two-color, XUV +NIR interferometer
(Fig. 3(a)). BS1 reflects 20 % of the pulse energy to serve as NIR probe pulse, while the remaining
80 % are used for XUV generation. The XUV and NIR beams are recombined with a drilled
mirror (DM in Fig. 3). The NIR pulse can be delayed with respect to the XUV pulses using a
stick-slip piezo stage (SLC-1730-LC-ST, Smaract GmbH). To stabilize the delay between the
XUV and NIR interferometer arms, a frequency stable 761 nm cw laser (BrixX 761-10, omicron
Laser GmbH) is aligned to co-propagate through the interferometer below the NIR beam similar
to the way that this was done in section 2. A tilt between the cw beams propagating along both
arms is introduced leading to vertically aligned spatial fringes. The fringe pattern is recorded by
a CMOS camera and after FFT-processing a feedback signal is generated to actively stabilize the
interferometer to a residual delay jitter with a standard deviation o-<100 as.

The Mach-Zehnder interferometer described in section 2 is placed inside the XUV arm of the
main interferometer to generate a phase-locked pair of NIR pulses. These pulses are focused into
a 3 mm long gas cell (GC) by a spherical mirror (f = 750 mm) in order to generate attosecond
XUV pulses via HHG. For the following experiments argon gas at a pressure of 40 mbar is used.
To ensure that the two XUV pulses are identical the ionization of the medium by the first pulse
has to be controlled. We keep the intensity below 1 x 10'* W/cm? [47]. After recombination
the XUV and NIR beams are collinear. The XUV focus and a focus generated in the NIR arm
are both 2f — 2f re-imaged into the velocity map imaging (VMI) spectrometer chamber by a
gold-coated toroidal mirror. A neutral gas medium (helium for this experiment) is supplied as
target through a piezo nozzle integrated into the repeller electrode of the VMI spectrometer [48].
The gas jet is pulsed and synchronized to the laser repetition rate of 1 kHz. The polarization of
the XUV and NIR pulses are in the plane of the MCP detector. After ionization either ions or
electrons can be detected with a micro-channel plate (MCP) + phosphor screen detector. VMI
images are recorded by a USB3 CMOS camera (ace acA2440-75um, Basler AG). Downstream
from the VMI chamber a flat field XUV spectrometer [49] equipped with a variable line-spacing
grating (VLG, 001-0640, Hitachi) allows for the detection of the generated XUV spectra. In
Fig. 3(b) and (c) the XUV spectrum is shown for two values of the XUV-XUYV delay. The spectra
exhibit a modulation with a fringe period of w = 27 /Txyv.xuv. The fringe contrast is reduced
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Fig. 3. Experimental setup for the generation and use of phase-locked attosecond pulse
pairs. (a) Overview: The few-cycle NIR laser beam is split into an NIR and an XUV
arm by beamsplitter BS1 and recombined with a drilled mirror DM. The Mach-Zehnder
interferometer described in section 2 and Fig. 1 is placed inside the XUV arm of the main
interferometer to create a pair of phase-locked NIR pulses, which are used for attosecond
XUV pulse generation via HHG in gas cell GC. FM1 is a spherical mirror focusing the NIR
pulses into the HHG chamber, FM2 is a spherical mirror focusing the probe NIR beam into
the vacuum chamber (FP focal plane). Both the XUV pulse pair, and the NIR probe pulse are
re-imaged into the experimental chamber with a toroidal mirror TM. Photoelectron or -ion
momentum spectra can be acquired using a VMI spectrometer (REP repeller electrode, EX
extractor electrode, FT flight tube, MCP micro-channel plates), and XUV photon spectra can
be recorded by an XUV flat-field grating spectrometer (VLG variable line spacing grating).
(b) and (c) XUV spectra for two settings of the delay mxyv.xuv-

by the limited resolution of the spectrometer, which is approximately 25 meV at a photon energy
of 12.36 eV [50], and lower for higher photon energies.

After HHG using the phase-locked NIR pulse pairs, a series of XUV spectra is acquired at
a delay of txyv.xuv = 26.5fs (cf. Figure 4(a)). For each harmonic the phase of the spectral
intensity modulation and therefore the XUV-XUV delay txyv-xuv is extracted using the Takeda
algorithm. The retrieved delay values for each of the harmonics 17 to 27 are shown in Fig. 4(b).
As expected, the delay values follow the same dynamics for all harmonics. The standard
deviations are o0 =5.7,5.9,7.4,5.7, 6.9, 5.5 as, respectively. The average delay jitter taking into
account the extracted delay data for all harmonics is found to be o = (6.2 + 0.7) as. As the HHG
spectra are integrated over 50 shots and sampled at a lower acquisition rate compared to the data
shown in Fig. 2 a direct comparison with this data is not meaningful. However, this ‘out of loop’
measurement confirms the phase locking of the XUV pulse pair.
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Fig. 4. XUV optical measurement of the XUV pulse pair phase stability. (a) XUV spectra
with the time delay of the two XUV pulses set to Txyy.xuv = 26.5fs for a series of
100 sequential acquisitions over 5 secs. The delay jitter was evaluated for each harmonic
separately using the Takeda algorithm. (b) Delay jitter evaluated for each harmonic.

4. Excitation of the Rydberg states of helium

In order to determine both the long term stability and the accuracy of our pulse pair interferometer
over large delay ranges, we retrieve the energies of Rydberg states of helium by performing a
Fourier-transform spectroscopy experiment. Since the energies of the Rydberg states of helium
are extremely well known they permit a good physical validation of the absolute accuracy of our
setup.

The two XUV pulses are focused into a helium gas jet in the VMI chamber. Harmonics 17 and
above have enough energy to directly ionize the helium atoms. The harmonics 13 and 15 can
populate a series of Rydberg states. These Rydberg states can be ionized by the NIR pulse. A
schematic energy level diagram is shown in Fig. 5(a). Harmonic 13 excites the 1s2p state, which
cannot be ionized by the NIR pulse, whereas harmonic 15 populates the Rydberg states above
1s4p, which are subsequently ionized by the NIR pulse. Due to the spectral modulation created
by the two time-delayed XUV pulses, the spectral intensity at a chosen wxyy oscillates with
Txuv-xuv- This spectral intensity is maximal for time delays txyy.xuv = n7w/wxyv with n an
integer, and is zero at time delays txyy.xuv = (n + 1/2)m/wxyy. Therefore the population of the
Rydberg states oscillates with Txyv.xuv. After 1 ps the excited helium atoms are ionized by the
NIR probe pulse and the photoelectrons are measured using the VMI spectrometer. To limit the
bandwidth of the probe pulse spectrum the NIR pulse is transmitted through a 25 nm bandwidth
interference filter. VMI images recorded for 5000 laser shots are shown in Fig. 5(b) and are
Abel inverted using the rBASEX method [51,52] in order to retrieve the three-dimensional (3D)
electron momentum distribution shown in Fig. 5(c). The main contributions that are visible in
the data are due to direct single photon ionization by the XUV pulse pair. Figure 5(d) displays
a magnified view of the fringe modulation caused by the time delay xyv.xuy. Due to the
decreasing resolution of the VMI towards higher energies, the fringes are only resolved for
ionization by the lowest harmonics and for txyv.xuv < 20fs. The photoelectron signal from
direct single-photon ionization is not of interest to us. We are interested in the sharp lines close
to the center of the VMI image, which correspond to ionization of Rydberg states by the NIR
probe pulse.
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Fig. 5. (a) Schematic energy level diagram showing the Rydberg states that are populated
by harmonic 13 and 15. Only the states populated by H15 are ionized by the spectrally
filtered NIR pulse. (b) Electron momentum distribution recorded by velocity map imaging
(VMI) spectroscopy. (c) Abel-inverted image using the rBASEX method. The image
represents a slice through the retrieved 3D momentum distribution. (d) Data from (c)
magnified to highlight the spectral fringe modulation of the harmonics with a fringe spacing

dw = 2n/Txyuv-Xuv, where Txuv.xuy is 15fs.

To retrieve the angular distributions of the photoelectrons, the 3D photoelectron momentum
distributions are expressed in terms of a series of Legendre polynomials as

P(pe-, TXUV-XUV, €08 0) = Bo(Pe-, TXUV-XUV)X
{1 + Bo(pe-, TxUV-XUV)P2(C08 0)+ (D
Ba(pe-, TxUV-xUV)P4(c0s 6)} ,

where 6 is the angle between the photoelectron momentum p.- and the XUV+NIR polarization
axis, and Txyv.xuy is the XUV-XUYV time delay. Bo(p.-, Txuv-xuv) describes the particle velocity
distribution and B, 4(p.-, Txuv-xuv) describes the angular distributions of the photoelectrons
[53]. Since the photoelectrons from the Rydberg states are produced by a two-photon process,
the signal can be fully described by 8,(p.-, Txuv-xuv) with n = 0,2, 4.

In Fig. 6(a)-(c) Bo(pe-» TXUV-XUV)> B2(Pe-» TxUV-XUV), and B4(p.-, TxUv-xUv) are shown as a
function of the photoelectron momentum (in arbitrary units) and the XUV-XUV delay. One
can clearly recognize the photolines of the 1s4p, 1s5p, 1s6p, and the 1s7p Rydberg states. The
intensities of these photoelectron signals from the different Rydberg states oscillate with the
XUV-XUV delay.

In Fig. 6(d)-(f) the corresponding Fourier transform power spectra are shown. The FT
power spectrum has pronounced peaks at the photoelectron momenta corresponding to the
different Rydberg states and appear around a Fourier frequency of 24 eV. As expected, there is a
1-to-1 correspondence between the Rydberg excitation energy and the measured photoelectron
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Fig. 6. (a)-(c) B(p.-, Txuv-xUV)-parameters obtained by Abel inversion of the raw VMI
images, as a function of Txyy.xyyv and photoelectron momentum. (d)-(e) Fourier transform
power spectra corresponding to the scans in the left column. The FT power spectra contain a
number of peaks that can be assigned to atomic transitions in the helium atom (see top), see
Table 1 for details.

Table 1. Comparison of the Fourier frequencies of the Rydberg states of
helium obtained from the experimental data and the corresponding literature

values [54].
Rydberg state | Fourier frequency (eV) | FWHM (meV) | Literature value [54] (eV)
1s4p 23.7423 + 0.0004 15.18 +0.27 23.7421
1s5p 24.0459 + 0.0003 14.55 + 0.04 24.0458
1s6p 24.2105 + 0.0001 14.47 + 0.08 24.2110
1s7p 24.3096 + 0.0009 14.39 £ 0.56 24.3107

momentum. It should be noted that the FFT power spectra of all B(p.-, Txuv-xuv) parameters
agree very well, confirming that the photoelectrons originating in the Rydberg states are ionized
by a two-photon process.

Figure 7 shows the normalized momentum-integrated FFT power spectrum. The spectrum
is dominated by the aforementioned four strong peaks (cf. Figure 7(a)), which correspond to
different Rydberg states, and which occur at Fourier frequencies that are in good agreement with
literature values [54] (see in Table 1). As the exact wavelength Ay, of the blue cw laser was
not exactly known prior to the experiment, this wavelength is determined by minimizing the
chi-squared deviations of the experimentally found peaks from the literature values. In this way
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Acw is found to be 473.36 nm. The error bars for all peak positions and widths given in Table 1 are
determined as the standard deviation of the data for the different S3,(p.-, Txuv-xuv) parameters.
The widths of the Rydberg peaks are found to be 14.39 to 15.19 meV in our experiment. This
agrees well with the expected width of 14.8 meV due to the time delay range of our Fourier scan
of 280 fs. The absolute accuracy of the delay axis in our setup can be determined as the mean of
the deviations of the experimentally determined energies of the Rydberg states from the literature
values, and is found to be 0.002 %.

1.001 (a) 23.7423 eV — 1sdp
3
20.75
&
20.50 24.0459 eV - 1s5p
2 — Bo
c
£0.25; 24.2105 eV - 1sé6p — B>
- 24.3096 eV - 1s7p Ba
0.00+ N s . .
0.04

21 22 23 24 25 26 27
Fourier frequency (eV)

Fig. 7. (a) Normalized Fourier transform spectrum of the Rydberg states. (b) Magnified
view of the power spectrum to highlight the artifact peaks, which are + 1.6eV and + 2.62 eV
away from the main Rydberg peaks.

In addition to the main peaks a sequence of other peaks occur in the normalized momentum-
integrated FT power spectrum, which are shown in detail in Fig. 7(b). Slightly broadened replicas
of the three biggest Rydberg lines 1s4p, 1s5p and 1s6p appear at energies (22.1401 + 0.0007,
22.4417 + 0.0004, 22.5978 + 0.0015) eV and (25.3562 + 0.0019, 25.6549 + 0.0003, 25.8393
+ 0.00006) eV, respectively, displaced by (1.612 + 0.009) eV from the Rydberg energies. This
frequency difference corresponds to a good approximation of the central frequency of the NIR
laser and suggests a modulation of the main signal by the NIR laser frequency. For small time
delays (txuv-xuv < 101£s) the two NIR pulses that generate the XUV pulses interfere in the focus
of the HHG medium. As a consequence the total laser intensity at the focus oscillates with
Txuv-xuv, and along with it, the amount of generated XUV radiation [31,55]. If the two XUV
pulses are generated independently, the first-order autocorrelation function of the two XUV
pulses is given by

+00

2
S (rxuvxuv) = / |Exuv (1) + Exuv(t — Txuv-xuv)| dt, ()

—00

where Exyv(f) is the electric field of the XUV pulse. However, since the XUV fields are generated
by HHG driven by two NIR pulses, this expression needs to be modified, and can be approximated

as
SD(rxuvxuv) = /

—00

+00

2
|(EN1R(Z) + Enr(f = TXUV—XUV))q| dt, ©)

with the electric field of the NIR pulse Exir(7), and the effective non-linearity g. Therefore, the
Fourier transform of the time-dependent amplitude of the XUV field, evaluated at the helium
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transition frequency wg can be written as

+o00

“

—00

SV (wg, xuvxUy) = H/

(Enir(2) + ENir(f — TXUV—XUV))qeiwldt]

W=WR

Accordingly the signal S(l)((uR, Txuv-xuv) oscillates with wg, and carries an additional
modulation with wnr. This wnir signal modulation can readily be seen in the raw data presented
in Fig. 6(a)-(c) at short delays. In addition, a similar modulation occurs at an XUV-XUV delay of
50fs. This is due to interference with a small pre-pulse, that occurs 50 fs before the main pulse.
These wnir-modulations lead to the artifact peaks seen in the FFT (cf. Figure 7(b)). If the data
with strong wnr-modulation is excluded from the FFT processing, the artifact peaks disappear.

Further peaks occur at positions (21.1262 + 0.0023, 21.4280 + 0.0004, 21.5968 + 0.0007) eV
and (26.3635 + 0.0005, 26.6689 + 0.0007, 26.8380 = 0.0014) eV. These peaks also represent
replicas of the Rydberg excitation peaks and are displaced from them by (2.620 + 0.005) eV.
This corresponds to a wavelength of (473.24 + 0.83) nm, i.e. the wavelength of the blue cw
stabilization laser used in the Mach-Zehnder interferometer. Ideally, the target delay fed into the
stabilization system and the delay that is realized in the experiment, i.e. the phase inferred by the
interference of the blue stabilization laser, are identical. In the experiment the target delay is
converted to a phase given by the stabilization laser wavelength and fed into a PID controller.
The target delay position is approached by slowly scanning over multiples of 27 of the cw laser
period. Therefore, the actual delay position has a finite phase-dependent deviation from the target
delay position for every delay setting, and therefore leads to artifact peaks at a distance from
the main peaks corresponding to the photon energy of the stabilization laser. We note that the
intensity of the artifact peaks is approximately two orders of magnitude below the corresponding
main peaks. Therefore they do not compromise the utility of the setup and we conclude that the
setup allows for high resolution spectroscopy with broadband attosecond pulses.

5. Conclusion

We have demonstrated the generation of phase-locked pairs of attosecond pulse trains. The delay
between the XUV pulses can be varied over a 400 fs range with sub-10-as residual jitter. The
stability of the setup has been evaluated optically in the visible and XUV. A Fourier transform
spectroscopy experiment has been performed as an atomic physics based absolute accuracy test.
The known Rydberg energies of helium have been retrieved with an absolute accuracy of 0.002 %.

As we have already shown our setup can be employed for the control of entanglement in
bipartite quantum systems [36]. In this experiment we used pairs of attosecond pulse trains
as a pump pulse in an XUV+NIR pump-probe experiment on the dissociative ionization of
hydrogen molecules to control the vibrational coherence in the Hj cation and therefore the
entanglement between the photoelectron and ion. Recently, the topic of charge migration, i.e. the
observation of electronic motion in molecules due to a coherent superposition of electronic states,
has gained a lot of attention in attosecond molecular science [56,57]. So far the main challenge
that has been identified for the observation of charge migration is fast decoherence. However,
the role of photoelectron and -ion entanglement can also play a crucial role in the formation
of electronic coherence [58]. This entanglement can be controlled by the time-delay between
two phase-locked XUV pulses exciting the molecule as we have demonstrated for vibrational
coherence [36]. Therefore, we believe that the combination of our setup with isolated attosecond
pulses will enable successful observation and control of electronic coherence.
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