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Temporal characterization of individual harmonics of an attosecond pulse train by THz streaking
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We report on the temporal pulse characteristics of individual harmonics in an attosecond pulse train by means of
photoelectron streaking in a strong low-frequency transient. The scheme allows one to retrieve the pulse durations
and first-order chirp of individual harmonics without the need for temporal scanning. The measurements were
performed using an intense THz field generated by a tilted phase front technique in LiNbO3;. We compared
the performance of Xe clusters and atomic He as a detection medium and retrieved the temporal properties for
harmonics of order 19, 21, 23, 25, and 27. Our measurements confirm that the individual pulse durations and

linear chirp decrease by harmonic order.
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I. INTRODUCTION

High-order-harmonic generation (HHG) [1] is an estab-
lished technique for the formation of attosecond pulses [2,3]
which have been used for recording inner atomic electron
dynamics on the subfemtosecond time scale [4]. The HHG
process ejects an attosecond burst every half cycle of the
driving laser field, which results in the formation of an
attosecond pulse train (APT) as a consequence of the coherent
summation of individual bursts. In the frequency domain
this translates to a regularly separated harmonic comb which
eventually goes up to the keV photon energy range [5].

Recently, there has been a rising number of frequency-
selective applications which employ only one single individual
harmonic of the comb. Examples include free-electron laser
seeding [6-8], probing of ultrafast magnetic dynamics at
the absorption edges [9-11], as well as time- and angle-
resolved photoemission spectroscopy (tr-ARPES) [12]. Those
dynamics have a corresponding frequency bandwidth similar
to the bandwidth of a specific individual harmonic. Thus, for
resonant processes, the metrology of an individual harmonic
in time becomes essential.

Here, we present a temporal characterization of individual
harmonics using the streaking technique [13-16] with a
strong terahertz transient. This scheme comes along with the
advantage that recording can be performed at a single shot on
a time window matching the entire temporal envelope of the
entire APT. Presently, different scanning techniques are regu-
larly used for the temporal characterization of APTs, among
them reconstruction of attosecond beating by interference
of two-photon transitions (RABBIT) [2], frequency-resolved
optical gating for complete reconstruction of attosecond bursts
(FROG-CRAB) [17], and phase retrieval by omega oscillation
filtering (PROOF) [18]. While those scanning techniques
provide information about the relative delay between the
harmonics (attochirp) and average pulse duration of two
neighboring harmonics, information about the chirp and
pulse duration of a single harmonic is typically limited to
the lower-order harmonics [19], or is still challenging to

achieve [20]. Cross-correlation techniques with an 800-nm
pulse [21,22] as well as the THz streaking scheme used here
overcome those shortages. Compared to the cross-correlation
approach, THz streaking is not a scanning technique. While
streaking with a few-cycle 800-nm pulse has been applied
on a subfemtosecond time window for the reconstruction
of an isolated attosecond pulse [23], the terahertz streaking
scheme is suitable for measuring the temporal shape of the
individual harmonics and, in principle, as well as of the entire
tens of femtosecond long APT. Terahertz streaking provides
a quick characterization of the time structure of an individual
harmonic as there is no need for scans. The scheme suits in
particular the demands of low-repetition-rate soft x-ray sources
including plasma-based x-ray lasers, high-power HHG, and
self-amplified spontaneous emission (SASE) free-electron
lasers where single-shot temporal characterization is essential.

II. THz STREAKING

The measurement of the pulse duration is based on a
technique presented for a femtosecond and attosecond streak
camera [23,24]. The general principle of the streak camera
is based on mapping the temporal characteristic of an x-ray
beam onto the velocity distribution of an electron beam. In the
following calculation, atomic units are used unless specified.
The energy distribution of the streaked electrons is given
by [23]
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S(W):‘ / dt e VdyEn(t)exp [i(W + 1)1, (1)

where d,) is the dipole transition element, Ey(t) the x-ray
pulse to be characterized, W the energy of the generated
photoelectrons, and ¢(¢) the phase accumulated between the
generation under the presence of an external streaking field
and the detection in the spectrometer. Following Ref. [17] and
using the assumptions U, <« Wy and a significantly shorter
x-ray pulse than the optical cycle of the streaking field
T K ﬁ), the phase term can be approximated to
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where U, = Eé /4a)%HZ is the ponderomotive energy of
the electron in the streaking THz field with Ery,(t) =
Eti,(t) cos(wrp,t), with the THz envelope Ety,(f), and the
slope of the energy shift, the so-called streaking speed s =
V2w E( [25]. The % accounts for the direction of the streaking
field towards (+) or away (—) from the electron spectrometer.
In the presented experiment the detection is in the plane of the
streaking field with a narrow acceptance angle, therefore we
assume 6 = 0. If we assume a Gaussian x-ray pulse,

2
—2} exp(—i(wpt +£0),  (3)
47

with 7 the rms pulse duration and £ the first-order chirp. The
length of the transform-limited pulse (7) with the same rms
spectral width oy is then given by

Ey(t) =exp {
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Under these conditions the integral in (1) can now be solved
analytically and we obtain
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with Wy = wy — I, the kinetic energy of the unstreaked
photoelectrons.

As shown in (5), the broadening produced under the effect
of the streaking field depends on the pulse duration as well as
on the chirp. By combining the measurements with opposite
streaking speeds, e.g., opposite streaking directions, we can
calculate directly both the pulse duration and the chirp using
the following expressions:

53 + 52 5: - 352
T= > §= 2
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where 61, = /0%, — g is the deconvoluted rms spectral

bandwidth under a positive/negative streaking field. Due
to the differential measurement, the technique intrinsically
compensates for the systematic spectral broadening as the one
produced by the space-charge forces.

To be able to retrieve the pulse duration, a broadening at
least equal to the x-ray bandwidth (% > 1, for unchirped

(6)

pulses) needs to be observed [23]. This determines the
minimum pulse duration that can be retrieved. To be able to
resolve shorter pulses, a higher streaking speed is necessary,
however, the approximations made in (2) limit the maximum
ponderomotive potential for which an analytical solution exists
(U, < Wp). In our experiment we estimate a ponderomotive
energy of the THz field of U, ~ 1.2 eV, whereas the measured
kinetic energies of the photoelectrons are between 8 and 20 eV,
thus fulfilling the previous condition.

III. EXPERIMENTAL SETUP

The experiment was performed using a Ti:sapphire laser
system (20 mJ, 100 Hz) with a pulse duration of 39 fs (rms)
(Fig. 1). The laser-pulse energy was split to synchronously
operate the THz source (60%) as well as the high-order-
harmonic generation (40%).
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FIG. 1. Temporal profile of the driving laser. The pulse length
is 38.8 fs (rms). Inset: Spectral amplitude and phase of the driving
pulse, with the latter optimized for most efficient high-order-harmonic
generation.

Aloose focusing geometry (f = 3 m)is employed for HHG
at high flux [26]. The laser waist (85 um, e% beam radius)
was placed at the entrance of a 3-cm-long unmodulated glass
cell with an 800-ym inner diameter. A solenoid-based valve
situated at the center of the cell released bursts of argon with
a backing pressure of up to 3 bars at the full repetition rate of
the laser. Downstream the HHG beam is focused by a toroidal
mirror (focal length of 4 m) into the detection zone of the
streaking chamber installed at the end of the 6-m-long HHG
beam line. Two 200-nm-thick aluminum filters and a fused
silica plate were used to separate the HHG beam from the
infrared laser.

THz radiation is produced directly next to the streak-
ing chamber by optical rectification in a room-temperature
LiNbOj; crystal. A tilted pulse front configuration was used
to optimize for high-power THz output [27]. This results in
~10 wJ pulse energy and a THz spectrum centered at 0.3
THz (Fig. 2). The initial vertical THz polarization is rotated
subsequently by a periscope parallel to the HHG polarization.
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FIG. 2. THz electric field and spectrum obtained by recording
photoelectrons produced by the short HHG pulse acting as a probe.
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FIG. 3. Experimental layout with high-order harmonics generated in a gas cell followed by harmonic separation (fused silica plate and Al
filters) and a 1:1 imaging toroidal mirror (4-m focal length) focusing the APT into the gas jet located in the detection zone of the two opposing

time-of-flight electron spectrometers.

After incoupling into the streak camera, the terahertz radiation
is overlapped collinearly with the HHG beam using a parabolic
mirror (f = 170 mm). For this the latter was equipped with
a 5-mm central hole in order to let the HHG beam pass
and overlap both beams in time and space. A streaking field
strength of up to 100 kV/cm (Fig. 2) could be achieved at the
gas jet position.

The streak camera (Fig. 3) consists of two electron time-of-
flight (e-TOF) spectrometers oriented parallel to the electric
field and placed at opposing sides of the gas jet. For this
configuration the recorded signals of the two e-TOFs are
complementary as it allows the simultaneous retrieval of
positively and negatively streaked electrons (Fig. 2). The
typical energy resolution of the e-TOF was around 1%. The
photoelectrons were produced by single-photon ionization of
either atomic helium or xenon clusters by the HHG beam.
Xe builds clusters under the present conditions in the gas
jet[28,29]. The advantage is the significantly higher absorption
cross section of larger and heavier Xe compared to He. This
effect is further pronounced due to the cluster formation of
Xe. The drawbacks of Xe are the closely spaced photoelectron
lines corresponding to the fine-structure thresholds Xe 5p3;»
at 12.1 eV and Xe 5p;; at 13.4 eV. The gas was injected using
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a piezocontrolled pulse valve with opening times typically
around 20 us with a backing pressure between 1 and 4 bars.

IV. EXPERIMENTAL RESULTS

APT reconstruction requires knowledge about the THz
streaking field. This characterization can be done either by
conventional electro-optical sampling or, as we did here,
directly by recording the signal of the photoelectrons produced
at different delays in the streak field (Fig. 4). Our measurement
unveiled a THz field asymmetry between the leading and the
trailing edge. This indicates a small chirp of the streaking
pulse which could originate from pulse distortion due to
absorption in air or from the generation process itself. To
avoid inconsistencies we evaluated only the data from the
leading edge where the highest streaking speed and highest
temporal resolution are achieved. Photoelectron spectra for
harmonic 25 from He are shown in Fig. 5 and for harmonic
27 from Xe in Fig. 6. For both cases the streaked and
unstreaked configurations for both e-TOFs are shown. For
He a comparison of spectra recorded by the left and right
e-TOF, respectively, shows that the corresponding linewidths

Kinetic energy (eV)

=
%))

Delay (ps)

FIG. 4. Photoelectron spectra of individual harmonics generated in He (left) with one ionization line per harmonic order and Xe (right)
with ionization lines from Xe 5p3/; as well as Xe 5p;,; as functions of the time delay between APT and THz field. Higher-order harmonics
give rise to higher electron kinetic energies which lead to the observed energy separation of individual harmonics. In order to obtain a better

resolution, a finer time step was used around the peak of the THz pulse.
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FIG. 5. Left (Right): Comparison of the streaked and unstreaked photoelectron spectra of harmonic 25 from He for the left and right e-TOF.
The streaked signals have been shifted in offset in order to overlap with the unstreaked signal.

are differing slightly. According to (6) this entails a linear chirp
of about —1.1 meV /fs and a pulse duration of 26 fs.

While in He a simple single Gaussian assumption was suffi-
cient to fit the central energy as well as the width of the peaks,
a double Gaussian with the following form corresponding to
the fine-structure components was used for Xe:

I(E)=A _(E-E)
(E) = A exp 2072
E — Ep)?
+Abexp|:—¥:|+D. @)
20},

For the two Xe lines the fit parameters are given in Table I.

This results in a pulse duration of 27.1 fs for the Xe 5p3,»
measurement and 32.1 fs for the Xe 5p;,, line for harmonic
27. On the other hand, the retrieved chirp values, i.e., —0.56
and 1.61 meV/fs, respectively, vary largely and are neither
consistent in value nor in sign. The inconsistency comes from
the following issue. Even though the Gaussian fits are still
reasonable for the unstreaked spectra, the corresponding peaks
are overlapping in the streaked case. Therefore a proper fitting
and estimation of the peak width is no longer possible.

For a more accurate retrieval of the pulse duration we
have additionally performed a temporal scan around the first
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maximum of the electric field (corresponding to the linear part
of the vector potential) with subsequent Fourier filtering to
eliminate discontinuities between subsequent data points and
to reduce the noise on the retrieval of W and o,_. To have an
estimate on the error on the measurement, five data sets were
collected and for each delay the pulse duration and chirp have
been calculated. The results were averaged, and the standard
deviation used as an estimation of the measurement error. The
reference spectra were taken by delaying the THz field by 4 ps
compared to the harmonics. At this delay no THz influence
was measurable (Fig. 4). It can be observed (see Fig. 7) how
the retrieved pulse duration is only valid in the region where
the approximation made in (2) holds (Fig. 7, gray area). In our
case we set the limit where the streaking speed deviates by
less than 20% from the maximum. Outside this window the
pulse characterization fails and the calculated pulse duration is
clearly overestimated. The pulse duration and chirp have been
calculated as the weighted average of the data inside of the
evaluation window. The minimum pulse duration we are able
to retrieve with the current configuration can be calculated by
taking into account the linewidth of the unstreaked spectrum
and the streaking speed using Eqgs. (6) and (4).

In our case, for He, o9 = 0.18 eV and s = 0.02 eV /fs
support the retrieval of a minimum pulse duration of about
10 fs (rms). The pulse length for harmonics of increasing
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FIG. 6. Left (Right): Comparison of the streaked and unstreaked photoelectron spectra of harmonic 27 from Xe for positive (left) and
negative (right) streaking speeds. The streaked signals have been shifted in offset in order to overlap with the unstreaked signal.
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TABLE I. Fitting parameters for harmonic 27 from Xe for (a)
Xe 5]93/2 and (b) Xe 5[]1/2.

e-TOF o, (eV) s, (meV /fs) oy, (V) sp (meV /fs)
+ 0.17 12.7 0.10 13.0
- 0.11 —14.3 0.28 —14

order (23, 25, and 27) is decreasing from 36 to 32 and
24 fs (rms), respectively (see Table II), as expected from
the highly nonlinear intensity-dependent HHG process. This
trend is in agreement with the cutoff law of the HHG process,
where the lower-order harmonics can be generated at lower
intensities, thus earlier in the leading edge and later in the
trailing edge of the pulse, than the higher orders. The measured
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pulses show a clear negative chirp for the He measurements,
which is in agreement with earlier measurements [22,30]. The
pulse duration retrieved from Xe shows a significantly larger
spread, but taking into account the estimated error, it is still
within the range of the values from He. Also, the trend towards
shorter pulses with a higher harmonic order is still visible, even
though it is less clear. On the other hand, no consistent result
can be seen from the chirp measurements. They even contradict
the expected negative chirp. As seen in Fig. 6, and mentioned
above, the applied THz field leads to a too strong streaking of
the Xe lines, such that the neighboring ionization lines are over-
lapping, and a reliable estimation of the actual bandwidth is no
longer possible. The situation could only be improved by a sig-
nificantly weaker THz field, which would come at the cost of
lower time resolution, and is there for no suitable path to follow.

Chirp (meV/fs)

12 13 14 15 16 17 18 1.9
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FIG. 7. Retrieved pulse duration (left) and chirp (right) as a function of the time delay for He (top), Xe 5p3,, (middle), and Xe 5p;,»
(bottom). Discrete points: Averaged data over a set of measurements. The solid line represents the smoothed signal using a low-pass frequency
filter. The gray area indicates the window where pulse reconstruction according to (2) is valid. Pulse durations and chirp for individual harmonics
are summarized in Table II.
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TABLE II. Summarized results from Fig. 7. The pulse duration
and chirp are calculated as the weighted average over the region where

2 2
. . =, .
the approximation cos wry,t ~ 1 — Q)T% is valid (gray area).

Gas/line Harmonic Pulse length Chirp Transform limit
(=) (rms) (fs) (meV/fs) (rms) (fs)
He 23 36 £5 —0.96 £ 0.08 4.7+0.7
He 25 32+ 4 —0.91 £ 0.1 6+£1
He 27 24 £ 2 —0.82 £ 0.1 8§+1
Xe Sp3p 19 36 £ 11 —0.2 £ 0.1 N/A
Xe Sp3p 21 30£6 0.21 £+ 0.05 N/A
Xe Sp3p 23 29 £ 4 0.5+ 0.2 N/A
Xe Sp3p 25 28 £3 —0.28 £ 0.01 N/A
Xe Sp3p 27 25+ 9 —0.6 £ 0.2 N/A
Xe Spip 19 35£5 03 £ 02 N/A
Xe 5pip 21 376 —-0.2 £ 0.1 N/A
Xe Spip 23 34 £7 0.5 +£02 N/A
Xe Spip 25 28 £ 5 —09 £ 0.3 N/A
Xe 5pip 27 30 £ 13 1.2 +£03 N/A

The full reconstruction of the APT requires further infor-
mation on the delay between different harmonics, as, e.g.,
measured by RABBIT. With the presented scheme this is
possible with a carrier-envelope-phase (CEP) stable driver
laser, or single-shot acquisition with subsequent CEP binning.
The CEP drifts lead to timing jitter in the order of the laser
period, compared to the THz field, and is therefore averaged
out by this measurement technique. We finally mention that

PHYSICAL REVIEW A 93, 043838 (2016)

both the streaked and unstreaked photoelectron spectra are
broadened by the space-charge forces. However, the pulse
reconstruction relies on the difference signal which minimizes
these effects.

V. CONCLUSION

In summary, we have shown that streaking of photoelec-
trons by a low-frequency terahertz transient is suitable to
measure the pulse duration of the individual harmonics of
an attosecond pulse train. We have characterized in He the
individual pulse length and chirp associated with harmonics
of order 23-27 generated in a loose-focusing configuration.
The linear chirp and pulse durations retrieved from our
measurements decrease with harmonic order. With Xe a
reconstruction of the pulse duration for harmonics 19-27 was
possible, while the chirp could not be retrieved. The transient
streaking technique explored here is useful for experiments
where the temporal profile of an individual harmonic is
required and for single-shot pulse-shape characterization of
sources where conventional pulse reconstruction schemes
based on scanning are not applicable.
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