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Attosecond stable dispersion-free
delay line for easy ultrafast
metrology
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We demonstrate a dispersion-free wavefront splitting attosecond resolved interferometric delay line
for easy ultrafast metrology of broadband femtosecond pulses. Using a pair of knife-edge prisms, we
symmetrically split and later recombine the two wavefronts with a few tens of attosecond resolution
and stability and employ a single-pixel analysis of interference fringes with good contrast using a
phone camera without any iris or nonlinear detector. Our all-reflective delay line is theoretically
analyzed and experimentally validated by measuring 1st and 2nd order autocorrelations and the
SHG-FROG trace of a NIR femtosecond pulse. Our setup is compact, offers attosecond stability with
flexibility for independent beam-shaping of the two arms. Furthermore, we suggest that our compact
and in-line setup can be employed for attosecond resolved pump-probe experiments of matter with
few-cycle pulses.

Optical delay lines are key tools in ultrafast science and technology with several applications from femtosecond
metrology to attosecond pump-probe spectroscopy of matter'~” . Most delay lines are based on either ampli-
tude division or wavefront division of an input beam. The conventional Michelson or Mach-Zehnder setups
employ transmission through mm-thick glass beam splitter for splitting (combining) a femtosecond (fs) pulse
in the infrared (IR) or near UV, thereby causing unwanted broadening and material-dispersion effects on the
pulse®’. Careful fabrication of dispersion balanced beam splitter has been shown to enable the measurement of
short fs-pulses'®!!. Grating-based beam splitters have also been employed in delay lines, however, with com-
promised energy throughput and limited operating wavelengths'>!'>. Quasi-dispersion-free transmission grating
and ultrathin delay lines minimize dispersion effects on pulses and achieve attosecond stability over tens of fs
delay range'*'6.

All reflective delay lines are ideal to avoid pulse distortion caused by transmission of a short pulse through
a medium. Several designs have been well established where wavefront division is achieved by a bisected split
mirror using plane, spherical, parabolic, toroidal, and double-comb mirror’17-? in oblique as well as grazing
incidence angle geometry?!. Due to the grazing incidence of the input beam, the focus drifts away as one of the
split mirrors is linearly displaced to control the delay, which limits the useful delay range to a few tens of fs.
Moreover, in grazing incidence split-and-focusing mirrors, it is difficult to achieve spatio-temporal overlap of
foci on the detector, which reduces the fringe contrast?>->*. Moreover, such geometries have limited freedom
to independently control intensity, polarization and spectrum of individual split wavefronts. The present work
addresses some of these above mentioned difficulties by demonstrating a knife-edge prism based all-reflective
attosecond delay line.

An essential application of all-reflective delay lines is for complete characterization of broadband femtosecond
pulses. Generally, the two spatially overlapped and time-delayed pulses are coupled into ultrathin nonlinear
crystal to generate an output 2-photon or 3-photon autocorrelation signal which is sensitively detected using
avalanche photodiodes??*. To improve the contrast of autocorrelation traces, a pin-hole having fine position
controls is required?” which makes the overall alignment and pulse characterization a tedious task. One may won-
der how to design a dispersion-free compact delay line offering attosecond stability for easy ultrafast metrology.

Here, we introduce a knife-edge prism mirror pair based delay line for ultrafast metrology with attosecond
resolution and stability. The wavefront of input fs-beam is symmetrically split and recombined via sharp-edged
right-angle prism mirrors, thereby separating the two arms while avoiding dispersion and pulse broadening
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Figure 1. (a) Schematics of all-reflective delay line. M1-M4 : broadband mirrors (650-1100 nm), P1 and P2:
Ag coated knife-edge prisms for beam splitting and recombination, PM: Parabolic mirror (f = 25.4 mm), M1
and M2 are placed on the piezo stage. (b) Picture of all-reflective delay line setup. (c) Two non-overlapping
micro-plasma spots from individual arms. (d) Overlapped microplasma spots (e) 1st-order fringes
corresponding to 800 nm on screen. (f) 2nd-order blue fringes generated by BBO. A spectrometer was used for
FROG measurements.

effects and maintaining the spatial overlap in delayed pulses over the entire delay range of > 500 fs. The working
of delay line is theoretically analyzed and experimentally validated by easy temporal characterization of near-IR
femtosecond pulses. We captured 1st and 2nd order interference patterns with a (handheld) phone-camera and
introduce a single-pixel analysis to record high-resolution autocorrelation without any pin-holes and sensitive
detectors. Furthermore, the setup also yields reliable measurement of Second harmonic generation -frequency-
resolved optical gating (SHG-FROG) traces.

Results
Experimental setup. The schematic diagram of our all-reflective delay line is shown in Fig. la along with
the actual setup in Fig. 1b. Two identical knife-edge right-angle prisms P1 and P2 serve as a wavefront splitter
and beam combiner of the input Gaussian beam, respectively. The sharpness of the knife-edges were around 20
pum (Supplementary Figs. S1-S2). The flatness of silver-coated surface was 4/8 at 632 nm and the reflectivity
Rgyg > 96% in broad wavelength range covering visible to IR (450 nm-20 pm). The delay line was assembled
on a small rigid base that allowed high mechanical stability yet retaining independent controls for both arms.

To precisely align the two split wavefronts in the target focal volume and to optimize the beam crossing angle,
we made use of two static diffraction patterns, each produced by the knife-edge of the prism P1. By overlapping
their 1st order fringes, a dynamic interference pattern was formed when both the pulses had good temporal
overlap. This central fringe pattern was easily captured on the screen placed near or far from the focus using a
phone-camera (20 MP, 25 fps). By aligning the fringes nearly perpendicular to the (horizontal) plane of the delay
line, and by controlling the fringe spacing we precisely maintained the collinearity and wavefront tilt to obtain
high-contrast, straight line fringes with high visibility.

After recombination of the two wavefront-split beams by the prism P2, these propagate collinearly and are
focused by an off-axis parabolic mirror (f = 25.4 mm). For peak intensity ~ 100 GW/cm?, we observe two
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micro-plasma, each created by a breakdown of air by the split femtosecond pulses. These micro-plasma spots
were readily observed with a webcam and were made to symmetrically overlap on each other by means of adjust-
ing the mirrors (M1-M4) in the two independent arms, leading to an enhanced plasma brightness (Fig. 1c-d).
The spatial overlap of the two microplasma spots along with optimization of the contrast, tilt and spacing of the
interference fringes on the screen provided a unique and repeatable method to precisely align our delay line
over its entire delay range.

Figure le shows the first-order fringes with 800 nm pulses as observed on the screen placed after the focus
of the parabolic mirror at 5 cm. In order to obtain 2nd order interference fringes, we inserted a 25 um BBO (8
-BaB,0,) crystal (Type-1 phase matched). The intensity of the incident beam was reduced below the damage
threshold of the BBO crystal using the crossed polarizer placed before the delay line. Figure 1f shows typical blue
colored fringes captured through a IR blocking (short wavelength pass) filter. The fringes were video-recorded
at 25 fps and stored for further analysis.

For generating field-autocorrelation signals (interferogram), we tracked single-pixel intensity of the straight-
line fringe pattern frame-by-frame, at a position marked by a cross-hair in Fig. 1e. This unique approach did not
require any precision pin-hole and was free from tedious detector alignment with added advantage of being cost
effective as common phone-camera can be used for measuring both the first-order (800 nm) and second-order
(SHG 400 nm) fringe pattern of a broadband NIR fs pulse.

Theoretical analysis. To further elaborate the working of our delay line, we used Fraunhofer diffraction
theory?® and numerically simulated the autocorrelation signal following a previously established approach?>*"%.
Briefly, the two split beams having equal peak electric field were symmetrically combined in the focal plane lead-
ing to straight-line fringes at the center of the overlapping region. The spatial profile of both split beams at focus
having angular frequency w and initial beam spot size w(z) is given as,

i x% 4 y? o 2x 13 x,
Ul,z(x,y,a))_aw—(z)exp< W% ){I:I:zﬁWOIFI[E,E,(W—O) (1)

where x and y are the coordinates of the observation plane, | F 1is the confluent hypergeometric function, f is the
focal length of the mirror and wy is the beam waist at focus (wy = Af /rw).

o0
Eia(x,p,t) = / E()Uix(x, y, w)exp(—iwt)dw (2)
—00
E(w)is laser electric field, E; (x, y, t), E2(x, y, t — 7) are the electric fields of first and second delayed split beams
at focus and 7 is the time delay between the two split beams.

By changing the relative delay between the two spatially split beams the first-order interferogram is obtained
as

Iyt] =1+ Re[/ / /E1 (x, 3, E; (x,y, t — T)exp(—iwt)dxdydt] (3)

Second-order normalized interferometric autocorrelation or frequency-resolved auto-correlation (FRAC) signal
is given by!!

Lolt] =14 2[A¢(7) + Re[A1(7)exp(—iwT)] + Re[A2(T)exp(—i2wT)] 4)
where,
Ag(t) = / //Il &, y, ) L(x, y,t — T)dxdydt (5)
A(r) = ///[Il (x,,t) + L(x,y,t — T)]E1(x, 9, )E; (x, y, t — T)dxdydt (6)
Ay(t) = ///Ef(x,y, HE (x, y, t — T)dxdydt (7)

where, I1 5(x, y, t) ~ |E12(x, y,t)|*8A. The autocorrelation signal is detected at a single-pixel of area (5A=6x3y)
and centered at (x,, y,) over the complete time-delay range. In FRAC equation (Eq. 4), Ao (7) shows the intensity
autocorrelation envelope, A1 (t)and A, (7) are linear interferogram and second harmonic field, respectively which
are separated in frequency space. The Fourier transform of Eq. (3) provides the spectral information. One can
further obtain the phase information of the fundamental pulse using Ag(7), A;(t) and A, (7)***!. Alternatively,
the SHG-FROG can also be used for non-ambiguous phase retrieval®.

Autocorrelation and FROG measurements. To demonstrate the high stability of our delay line for
ultrafast measurements we performed a stability analysis. First, to isolate the delay line from fluctuations due to
air-flow or mechanical vibrations all the components were firmly mounted on a 1 inch thick monolithic plat-
form (304.8 x 152.4 x 22 mm®) which was further enclosed in an acrylic box with two large enough openings
to couple the input and output beams. The stability analysis and calibration of the present all-reflective delay
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Figure 2. (a) Calibration of delay line through interferometric fringes and stability analysis of all-reflective
delay line measured with a He-Ne laser (1 = 632 nm) over time. (b) Normalized histogram of path delay
fluctuation. (c) Experimental and theoretical linear autocorrelation signals. (d) Measured (red) and Retrieved
(blue) spectra through first-order interferogram. (e) Experimental SHG non-linear autocorrelation signal using
BBO. (f) Experimental and theoretical autocorrelation traces based on Fraunhofer diffraction theory for split
profile of the beam for positive delay range (0-60 fs).

line is performed using He-Ne laser (5 mW, A = 632 nm) as shown in Fig. 2a by tracking a single fringe over
time while the PZT is fixed at one position in a closed loop operation. The initial fringes (blue shaded part) are
used for calibration of delay line which corresponds to (4/4) from bright to dark fringe. Figure 2b shows the
histogram for path-length fluctuation, the standard deviation was about 25 as (41/90) over 800 seconds without
any active stabilization.

Figure 2c shows the measured and theoretical interferogram using Eq. (3) of the fundamental pulse (800 nm)
as a function of variable time delay between two replica beams by tracking the first-order fringes. The obtained
first-order interferogram is useful in providing pulse spectral information but unable to provide pulse temporal
parameters. Figure 2d shows the recovered spectrum from the recorded interferogram and the measured spec-
trum of the fundamental pulse with an IR spectrometer (USB2000+, Ocean optics) covering the wavelength
range 515-1100 nm which shows a fair agreement. Figure 2e shows the second-order fringe-resolved autocor-
relation (FRAC) signal obtained through blue fringes as shown in Fig. 1f after BBO. The signal is obtained with a
constant delay step of 200 as and acquisition time of 100 ms and total measurement time of 100 s. The measured
second-order autocorrelation trace shows contrast 7:1 which is slightly lower as compared to its ideal value of 8:1
expected for the case of whole beam interferometer. Previously reported split-mirror autocorrelators approached
alow fringe contrast of 5:1?%, which was further increased to 7.96:1% by introducing a pin hole before detector
in the similar set up. In our case of single pixel analysis, the signal-to-noise ratio is sensitive to thermal noise
of the camera, stray light and laser pointing fluctuation. The pulse width measured with autocorrelation trace
with all-reflective delay line shows FWHM 44.6 fs, supports 31 fs pulse duration having deconvolution factor
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Figure 3. FROG measurement results (a) Measured SHG-FROG trace with all-reflective delay line. (b)
Retrieved FROG trace. (c) Retrieved temporal pulse intensity (left y-axis) and phase (right y-axis). (d) Retrieved
spectral intensity (left y-axis) and phase(right y-axis). Dotted red line shows the measured spectrum, same as in
Fig. 2d, for comparison.

of 1.41 assuming Gaussian temporal profile of the fundamental pulse. The measured autocorrelation signal is
compared with simulated FRAC signal using Eq. (4) for second-order autocorrelation considering a split beam
spatial profile is shown in Fig. 2f. It shows a good agreement between experimental and simulated autocor-
relation signal. With the present autocorrelator design no further correction factor due to beam splitters and
other optics is required in measuring the pulse via FRAC signal unlike in conventional autocorrelators based on
transmissive-optics beam splitter™®.

For complete reconstruction, we have obtained the FROG trace of our pulse by recording SHG spectra at
each time delay position (delay step of 200 as, 50 ms acquisition time, total measurement time of 100 s) over
a delay scan of T = — 266 to 266 fs. The FROG trace was obtained by low-pass frequency filtering of measured
IFROG (Interferometric frequency resolved optical gating) trace by applying super-gaussian filter about DC
component in the Fourier transform (along delay axis) of the IFROG trace. This DC part contains the SHG-
FROG and a constant background term?. The obtained standard SHG-FROG trace is shown in Fig. 3a. Figure 3b
shows the retrieved FROG trace that qualitatively matches with the input one. The retrieval of the experimental
FROG trace is performed by resampling the trace to an 512 x 512 array via the open source software Femtosoft
(Femtosoft, Ver 3.2.4) using principal component generalized projection algorithm (PCGPA)*? and minimiza-
tion algorithm®® which provides the retrieved trace with minimum error. The retrieved intensity and temporal
phase are shown in Fig. 3(c) and the corresponding wavelength spectrum and spectral phase profile are shown
in Fig. 3d. The retrieved spectrum shows a reasonable agreement with the measured spectrum, plotted as dotted
red line in Fig. 3d.

Conclusions
In conclusion, we demonstrate an all-reflective two-arm attosecond delay line based on wavefront division
(recombination) using right-angle prism mirrors for dispersion-free ultrafast metrology. The delay line is experi-
mentally validated by measuring the first- and second-order autocorrelations generated by single-pixel analysis
of interference pattern in agreement with theory and retrieval of the SHG-FROG without any iris or sensitive
detector. The unique geometry of our delay line allows easy alignment for spatio-temporal overlap of a short
femtosecond pulse without astigmatism and chromatic aberration over its entire delay range. Additionally,
independent control of each split beam (power, polarization, angular momentum and spectrum) is possible’".
We envision that the present dispersionless compact attosecond delay line will find applications in attosec-
ond resolved IR-IR or IR-VIS pump-probe experiments of matter, precision metrology and optical gating with
few-cycle pulses®®-*’. We think that the present delay line can be used for XUV-IR attosecond experiments. For
example, one can split the input pulse asymmetricaly such that the strong arm is used for high harmonic gen-
eration while the weak one can serve as a time-delayed collinear probe'. Furthermore, using vertically stacked
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prisms pairs and mirrors, a quadrant splitting of the input wavefront should be possible for multidimensional
IR-IR and XUV-IR ultrafast experiments*!.

Methods

The experiments were carried out with a linearly polarized femtosecond beam of 1/¢? diameter 12 mm at a
central wavelength of 800 nm having 0.5-1 m]J energy per pulse at 1 kHz repetition rate. The input beam was
symmetrically split in two equal parts by the P1 prism, which were made to retro-reflect through a pair of static
broadband mirrors (650-1100 nm), in each arm of the interferometer, and recombined by the prism P2.

The delay line has a coarse (manual) and fine (piezoelectric) time delay control. The coarse adjustment was
manually performed to roughly overlap the two IR pulses in time using a micro-positioner (step-size 10 um) on
which the pair of mirror (M3 and M4) were mounted. The temporal overlap of the two pulses was manifested
by appearance of dynamic straight-line interference fringes. The fine as-resolved movement was achieved by the
other arm (M1 and M2) using a piezo-based nano-positioner (NPXYZ100, Newport) over a maximum possible
delay range of 532 fs (corresponding to 80 um maximum piezo displacement with a 4 nm step resolution, i.e.,
26.6 as delay step). The dwell-time (acquisition time) per delay step was adjusted from 0.1 to 100 s as desired by
the experiment. Furthermore, our design allows extension of the maximum time-delay range by replacing the
existing piezo-stage with another one allowing longer time delay range up to a few picoseconds.

Data availibility

Data/codes used for this study can be obtained from corresponding author on reasonable request.

Received: 3 March 2022; Accepted: 5 May 2022
Published online: 20 May 2022

References

1. Paul, P. M. Observation of a train of attosecond pulses from high harmonic generation. Science 292, 1689-1692. https://doi.org/
10.1126/science.1059413 (2001).

2. Trebino, R. Frequency-Resolved Optical Gating: The Measurement of Ultrashort Laser Pulses: The Measurement of Ultrashort Laser
Pulses (Springer Science & Business Media, 2000).

3. Iaconis, C. & Walmsley, . Self-referencing spectral interferometry for measuring ultrashort optical pulses. IEEE J. Quantum
Electron. 35, 501-509. https://doi.org/10.1109/3.753654 (1999).

4. Lara-Astiaso, M. et al. Attosecond pump-probe spectroscopy of charge dynamics in tryptophan. J. Phys. Chem. Lett. 9, 4570-4577.
https://doi.org/10.1021/acs.jpclett.8b01786 (2018).

5. Gagnon, E. et al. Soft x-ray-driven femtosecond molecular dynamics. Science 317, 1374-1378 (2007).

6. Tzallas, P, Charalambidis, D., Papadogiannis, N. A., Witte, K. & Tsakiris, G. D. Second-order autocorrelation measurements of
attosecond XUV pulse trains. J. Mod. Opt. 52, 321-338. https://doi.org/10.1080/09500340412331301533 (2005).

7. Mandal, A, Sidhu, M. S., Rost, J. M., Pfeifer, T. & Singh, K. P. Attosecond delay lines: Design, characterization and applications.
Eur. Phys. ]. Special Top. 230, 4196. https://doi.org/10.1140/epjs/s11734-021-00261-3 (2021).

8. Diels, J.-C.M., Fontaine, J. J., McMichael, I. C. & Simoni, E. Control and measurement of ultrashort pulse shapes (in amplitude and
phase) with femtosecond accuracy. Appl. Opt. 24, 1270. https://doi.org/10.1364/20.24.001270 (1985).

9. Wasylczyk, P. Ultracompact autocorrelator for femtosecond laser pulses. Rev. Sci. Instrum. 72, 2221-2223. https://doi.org/10.
1063/1.1351833 (2001).

10. Spielmann, C., Xu, L. & Krausz, . Measurement of interferometric autocorrelations: Comment. Appl. Opt. 36, 2523. https://doi.
0rg/10.1364/20.36.002523 (1997).

11. Diels, J.-C. & Rudolph, W. Ultrashort Laser Pulse Phenomena (Elsevier, 2006).

12. Goulielmakis, E. et al. A dispersionless michelson interferometer for the characterization of attosecond pulses. Appl. Phys. B 74,
197-206. https://doi.org/10.1007/s003400200794 (2002).

13. Kolesnichenko, P. V., Wittenbecher, L. & Zigmantas, D. Fully symmetric dispersionless stable transmission-grating michelson
interferometer. Opt. Express 28, 37752. https://doi.org/10.1364/0e.409185 (2020).

14. Papadogiannis, N. A. et al. Temporal characterization of short-pulse third-harmonic generation in an atomic gas by a transmission-
grating michelson interferometer. Opt. Lett. 27, 1561. https://doi.org/10.1364/01.27.001561 (2002).

15. Dabhiya, S. et al. In-line ultra-thin attosecond delay line with direct absolute-zero delay reference and high stability. Opt. Lett. 45,
5266. https://doi.org/10.1364/01.403842 (2020).

16. Zair, A., Mével, E., Cormier, E. & Constant, E. Ultrastable collinear delay control setup for attosecond ir-xuv pump-probe experi-
ment. JOSA B 35, A110-A115. https://doi.org/10.1364/OE.27.030989 (2018).

17. Sun, K.-X. & Byer, R. L. All-reflective michelson, sagnac, and fabry-perot interferometers based on grating beam splitters. Opt.
Lett. 23, 567. https://doi.org/10.1364/01.23.000567 (1998).

18. Gebert, T. et al. Michelson-type all-reflective interferometric autocorrelation in the VUV regime. N. J. Phys. 16, 073047. https://
doi.org/10.1088/1367-2630/16/7/073047 (2014).

19. Constant, E., Mével, E., Zair, A., Bagnoud, V. & Salin, F. Toward sub-femtosecond pump-probe experiments: A dispersionless
autocorrelator with attosecond resolution. J. Phys. IV. https://doi.org/10.1051/jp4:20012105 (2001).

20. Orfanos, I. et al. Attosecond pulse metrology. Apl Photon. 4, 080901. https://doi.org/10.1063/1.5086773 (2019).

21. Stoof3, V. et al. Xuv-beamline for attosecond transient absorption measurements featuring a broadband common beam-path
time-delay unit and in situ reference spectrometer for high stability and sensitivity. Rev. Sci. Instrum. 90, 053108. https://doi.org/
10.1063/1.5091069 (2019).

22. Mashiko, H., Suda, A. & Midorikawa, K. All-reflective interferometric autocorrelator for the measurement of ultra-short optical
pulses. Appl. Phys. B 76, 525-530. https://doi.org/10.1007/s00340-003-1148-0 (2003).

23. Kim, H.-N. et al. The real-time temporal and spatial diagnostics of ultrashort high-power laser pulses using an all-reflective single-
shot autocorrelator. J. Opt. Soc. Korea 18, 382-387. https://doi.org/10.3807/JOSK.2014.18.4.382 (2014).

24. Campi, E et al. Design and test of a broadband split-and-delay unit for attosecond XUV-XUV pump-probe experiments. Rev. Sci.
Instrum. 87, 023106. https://doi.org/10.1063/1.4941722 (2016).

25. Ranka, J. K., Gaeta, A. L., Baltuska, A., Pshenichnikov, M. S. & Wiersma, D. A. Autocorrelation measurement of 6-fs pulses based
on the two-photon-induced photocurrent in a GaAsP photodiode. Opt. Lett. 22, 1344. https://doi.org/10.1364/01.22.001344 (1997).

26. Kozma, I. Z., Baum, P, Schmidhammer, U., Lochbrunner, S. & Riedle, E. Compact autocorrelator for the online measurement of
tunable 10 femtosecond pulses. Rev. Sci. Instrum. 75, 2323-2327. https://doi.org/10.1063/1.1764615 (2004).

Scientific Reports |

(2022) 12:8525 | https://doi.org/10.1038/s41598-022-12348-5 nature portfolio


https://doi.org/10.1126/science.1059413
https://doi.org/10.1126/science.1059413
https://doi.org/10.1109/3.753654
https://doi.org/10.1021/acs.jpclett.8b01786
https://doi.org/10.1080/09500340412331301533
https://doi.org/10.1140/epjs/s11734-021-00261-3
https://doi.org/10.1364/ao.24.001270
https://doi.org/10.1063/1.1351833
https://doi.org/10.1063/1.1351833
https://doi.org/10.1364/ao.36.002523
https://doi.org/10.1364/ao.36.002523
https://doi.org/10.1007/s003400200794
https://doi.org/10.1364/oe.409185
https://doi.org/10.1364/ol.27.001561
https://doi.org/10.1364/ol.403842
https://doi.org/10.1364/OE.27.030989
https://doi.org/10.1364/ol.23.000567
https://doi.org/10.1088/1367-2630/16/7/073047
https://doi.org/10.1088/1367-2630/16/7/073047
https://doi.org/10.1051/jp4:20012105
https://doi.org/10.1063/1.5086773
https://doi.org/10.1063/1.5091069
https://doi.org/10.1063/1.5091069
https://doi.org/10.1007/s00340-003-1148-0
https://doi.org/10.3807/JOSK.2014.18.4.382
https://doi.org/10.1063/1.4941722
https://doi.org/10.1364/ol.22.001344
https://doi.org/10.1063/1.1764615

www.nature.com/scientificreports/

27. Power, E. et al. All-reflective high fringe contrast autocorrelator for measurement of ultrabroadband optical pulses. Opt. Lett. 31,
3514. https://doi.org/10.1364/01.31.003514 (2006).

28. Goodman, J. W. Introduction to Fourier optics (Roberts and Company Publishers, 2005).

29. Faucher, O. et al. Four-dimensional investigation of the 2nd order volume autocorrelation technique. Appl. Phys. B 97, 505-510.
https://doi.org/10.1007/s00340-009-3559-z (2009).

30. Naganuma, K., Mogi, K. & Yamada, H. General method for ultrashort light pulse chirp measurement. IEEE J. Quantum Electron.
25, 1225-1233. https://doi.org/10.1109/3.29252 (1989).

31. Chung, J.-H. & Weiner, A. Ambiguity of ultrashort pulse shapes retrieved from the intensity autocorrelation and the power spec-
trum. IEEE J. Sel. Top. Quantum Electron. 7, 656-666. https://doi.org/10.1109/2944.974237 (2001).

32. DeLong, K. W,, Trebino, R., Hunter, J. & White, W. E. Frequency-resolved optical gating with the use of second-harmonic genera-
tion. J. Opt. Soc. Am. B 11, 2206. https://doi.org/10.1364/josab.11.002206 (1994).

33. Stibenz, G. & Steinmeyer, G. Interferometric frequency-resolved optical gating. Opt. Express 13, 2617. https://doi.org/10.1364/
opex.13.002617 (2005).

34. DeLong, K. W. & Trebino, R. Improved ultrashort pulse-retrieval algorithm for frequency-resolved optical gating. JOSA A 11,
2429-2437 (1994).

35. Yeung, M. et al. Experimental observation of attosecond control over relativistic electron bunches with two-colour fields. Nat.
Photon. 11, 32-35. https://doi.org/10.1038/nphoton.2016.239 (2017).

36. Hickstein, D. D. et al. Non-collinear generation of angularly isolated circularly polarized high harmonics. Nat. Photon. 9, 743-750.
https://doi.org/10.1038/nphoton.2015.181 (2015).

37. Gariepy, G. et al. Creating high-harmonic beams with controlled orbital angular momentum. Phys. Rev. Lett. 113, 153901. https://
doi.org/10.1103/PhysRevLett.113.153901 (2014).

38. Ott, C. et al. Reconstruction and control of a time-dependent two-electron wave packet. Nature 516, 374-378. https://doi.org/10.
1038/nature14026 (2014).

39. Jiang, Y. H. et al. Temporal coherence effects in multiple ionization of N, via XUV pump-probe autocorrelation. Phys. Rev. A.
https://doi.org/10.1103/physreva.82.041403 (2010).

40. Yeung, M. et al. Noncollinear polarization gating of attosecond pulse trains in the relativistic regime. Phys. Rev. Lett. 115, 193903.
https://doi.org/10.1103/PhysRevLett.115.193903 (2015).

41. Zhang, Y., Meyer, K., Ott, C. & Pfeifer, T. Passively phase-stable, monolithic, all-reflective two-dimensional electronic spectroscopy
based on a four-quadrant mirror. Opt. Lett. 38, 356. https://doi.org/10.1364/01.38.000356 (2013).

Acknowledgements
We thank the Max-Planck Partner Group program and DST-SERB for financial support.

Author contributions
All authors contributed to design, development, data analysis and manuscript writing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-022-12348-5.

Correspondence and requests for materials should be addressed to K.P.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:8525 | https://doi.org/10.1038/s41598-022-12348-5 nature portfolio


https://doi.org/10.1364/ol.31.003514
https://doi.org/10.1007/s00340-009-3559-z
https://doi.org/10.1109/3.29252
https://doi.org/10.1109/2944.974237
https://doi.org/10.1364/josab.11.002206
https://doi.org/10.1364/opex.13.002617
https://doi.org/10.1364/opex.13.002617
https://doi.org/10.1038/nphoton.2016.239
https://doi.org/10.1038/nphoton.2015.181
https://doi.org/10.1103/PhysRevLett.113.153901
https://doi.org/10.1103/PhysRevLett.113.153901
https://doi.org/10.1038/nature14026
https://doi.org/10.1038/nature14026
https://doi.org/10.1103/physreva.82.041403
https://doi.org/10.1103/PhysRevLett.115.193903
https://doi.org/10.1364/ol.38.000356
https://doi.org/10.1038/s41598-022-12348-5
https://doi.org/10.1038/s41598-022-12348-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Attosecond stable dispersion-free delay line for easy ultrafast metrology
	Results
	Experimental setup. 
	Theoretical analysis. 
	Autocorrelation and FROG measurements. 

	Conclusions
	Methods
	References
	Acknowledgements


