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Phase-matched HHG with mid-IR pulses
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Phase-matched HHG versus driver wavelength
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HHG phase-matching cutoffs
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12.3.5 "Perfect wave” synthesis for HHG
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2-photon-above-threshold-ionization (ATI) autocorr.
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Intensity (a.u.)

-0.52 - :
+ .' |
—0.50 |-
I I\ I : || 1
=48 l‘”i 1i|'|llﬁ1m I,HIJ“ ’lfl \ﬂqlql ile I1 rml‘!11 w
-0.46 | 4
1 1 I |
—7.98 -5.32 —2 66 0.00 2 66 532 7.98
_0.54 ;
I . v X vm/z=14
~0.52 | M
. |l'-‘ 380 385 390 395 400
—_050 I || Time of flight (us)
s lw i
0.48 "l ‘“‘M ]lu | v ‘Fllll 1||l 'll hl
i
—0.46 'J | 7 11 “ hl
& 1 7 I F |
—1.9 =05 0.0 a5 1.0 1.5
At (fs)

AC traces from side peak of N* ion signals

mid-plateau of 2-color-HHG

mid-plateau of 1-color-HHG

WAL

- % ' ‘ | . r 1! | .1
VYR
—5.I32 | 2. 66 0.00 2.66 5.32
50
48 - ‘“III E
\ I !5 l ‘ ‘I |I ’h
46 [ (e i
|‘ "ﬂl f Mt-h ”l! || [‘ '.,
| Al W" (il i
44 el 'Hl | ‘“ !n Nl‘

LN LN LI Y '
-1.0 -0, 0.0 0.5 1.0

At (fs)

E. J. Takahashi et al., Nature Commun. 4:2691 (2013)



(x10% a.u.)

(x1073 a.u.)

AC traces from side peak of N* ion signals

higher repetition rates —» improved SNR

cutoff of 2-color-HHG

_70_
| isolated 1.3-uJ 500-as XUV
_s0-| pulses \
-50 i [ “l
Al “i lmlui ‘l| u1 ﬂ .M k ﬂ A 'ﬂ Jm 1 \ . Ll “l' ‘ll M. [9es | ‘l ﬂ r‘ 'i\ 2 h
DRt R
—7{93 | —__5{32 | —2{66 o.loo /I 2.|66 | 5.I3? 7_./|98
Y

élh ,ﬁﬂﬂw

f

"lrl L! l'!» [

-7.0 -6.0 —1 .0

| l”i'

0.0 1.0

At (fs)
E. J. Takahashi et al., Nature Commun. 4:2691 (2013)

148 as steps

28 as steps



12.3.6 RABBITT

Reconstruction of Attosecond Beating By Interference of Two-photon
Transitions (RABBITT)

V. Véniard et al., Phys. Rev. A 54, 721 (1996)

P. M. Paul et al., Science 292, 1689 (2001)

Y. Mairesse et al., Phys. Rev. Lett. 94, 173903 (2005)
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12.3.6 RABBITT
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Figure 12.22: RABBITT measurement of the emission time of harmonics in Ar
driven by a Ti:sapphire pulse with peak intensity Irg = 1.2 x 1014 W/em?. (A)
Photoelectron spectrum versus XUV-NIR delay. The spectra are normalized and
displayed on a nonlinear color scale. The thick white line is a guide to the eye
indicating the sideband maxima; the thin line indicates a fixed delay. (B) Extracted
harmonic emission time: measurements (blue crosses with error bars) and theoretical
predictions by single-atom response (red dots). Linear fits (blue and red curves)
yvields the emission time shift between consecutive harmonics as t. © = (106 + 8) as
and t1° = (81 4+ 3) as. The black line shows the measured harmonic intensity. [55]

Y. Mairesse et al., Phys. Rev. Lett. 94, 173903 (2005)
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12.3.6 Attosecond streaking
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Attosecond streaking geometries
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Attosecond streaking geometries
pendicular TOF detection geometry, as sketched m Fig. 12.24. The influence
of the detection geometry can be understood by a semi-classical treatment
integrating the classical equations of motion of an electron mside a laser field
(for details, see 56, 57,2]). Within the slowly-varying envelope approximation

(SVEA., dEy, /dt < wp EyL), one obtains for the final energy of the electrons

Wi =Wy 4 2U,(tz) cos 20 sin?wity + ar \/ 8WoU,(tq) cosOsinwrty. (12.19)

Wo = hwxyuy — Wy 1s the initial kinetic energy of the photoelectron, W; the
atomic binding energy, # 1s the angle between the final momentum of the
electron and the laser electric-field vector, and t; the the XUV-NIR delay.
The prefactor of the third term

ar, = {1 — (2U,(tq)/Wo) sin® 0 sin® wi,t4} (12.20)

1s close to unity 1if U, 1s much smaller than Wy.
In the parallel detection geometry (6 = 0, Fig.12.24(a)) and assuming
U, < Wy. the second term in (12.19) can be neglected and the main effect is a
M. Drescher et al., Science 291, 1923 (2001)
J. ltatani et al., Phys. Rev. Lett. 88, 173903 (2002)




Attosecond streaking geometries

shift up and down of the electron energy relative to the field-free value. This
ceometry offers the largest streaking, and permits to use large TOF collection
angles since cos# does not vary much up to +£30°. A drawback 1s that the
energy shift depends on Wy, which can become a problem 1if the bandwidth of
the wavepacket becomes comparable to its mean energy [2]. This geometry is
used 1n most experiments.

In the perpendicular detection geometry (0 = 90°, Fig.12.24(b)), the
third term vanishes and Eq. (12.19) can be rewritten as Wy = Wy — U,(tq) +
U,(tq) cos 2wrty. When the delay t; is scanned. the photoelectron peak expe-
riences a ponderomotive down-shift and oscillates between 0 and 2U, with a
period of T'/2 corresponding to an oscillating spectral broadening. The per-
pendicular detection geometry was actually used m the first demonstrations of
attosecond streaking [57, 18], as shown in Fig. 12.25.

M. Drescher et al., Science 291, 1923 (2001)
J. ltatani et al., Phys. Rev. Lett. 88, 173903 (2002)



Attosecond streaking: perpendicular geometry
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Lightwave oscilloscope: parallel geometry
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Lightwave oscilloscope: parallel geometry
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Attosecond Initial time-momentum

distribution of positive-
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FROG-CRAB

Frequency-Resolved Optical Gating for Complete Retrieval of Attosecond Bursts
Y. Mairesse and F. Quéré, Phys. Rev. A 71, 011401 (2005)

In [69, 70], the deep connection between RABBITT and attosecond streaking
was revealed and unified to the more general FROG-CRAB technique. Within
the framework of the strong-field approximation (SFA) |7, 3], the transition

amplitude to the final continuum state |v) of the electron with momentum v
can be expressed as [T0)]

~+o0 _ ,
a(v,At) = —i f dt ¢?Od o Exuy (t — At)elV /2t (12 99)
oo
o(t) = —/ dt'[vAL(t) + A (t)/2]. (12.23)
t

Here, Exyy(f) 1s the XUV electric field, A (#) the laser vector potential of
the dressing pulse, p(f) = p + A(?), d, the dipole matrix element from the
eround state to a continuum state |p). I, the atom’s ionization potential. o(t)
represents the quantum phase acquired by the electron in the continuum due to
1ts interaction with the laser field. The measured spectrograms are then given
by the square modulus of the transition amplitude, 1.e.. S(v, At) = |a(v. AI‘.)|2+




FROG-CRAB

Frequency-Resolved Optical Gating for Complete Retrieval of Attosecond Bursts
Y. Mairesse and F. Quéré, Phys. Rev. A 71, 011401 (2005)

As shown in [69, T0], Eq. (12.23) has an intuitive interpretation: the laser
electric field induces a phase modulation on the electron wavepacket during
1its propagation in the contimuum, after being created by the XUV field. In
RABBITT. for attosecond XUV pulse trains generated from multi-cycle laser
fields, the weak dressing field acts as a periodic phase modulator on the elec-
tron wavepacket, thus creating the sidebands that are used to retrieve the
harmonic phases. In attosecond streaking, for isolated XUV pulses generated
from few-cycle laser fields, the XUV pulse 1s significantly shorter than then the
optical period of the strong streaking laser field. thus creating the characteristic
streaking spectrograms.




FROG-CRAB

Frequency-Resolved Optical Gating for Complete Retrieval of Attosecond Bursts
Y. Mairesse and F. Quéré, Phys. Rev. A 71, 011401 (2005)

The spectrograms S(v, At) = |a(v, At)|? given by Eq. (12.23) resemble the
well-known FROG trace
Foo 2
S(w,At) = ‘f dt G(t)E(t — At)e™* (12.24)

In standard FROG. G(#) represents a pure amplitude gate. and efficient algo-
rithms (e.g., the generalized projections algorithms) can be used to retrieve
E(t) and the gate G() from the spectrogram. Inspection of Eq. (12.23) sug-
oests that in FROG-CRAB. G(#) = ¢ could be used as a pure phase gate for
the reconstruction. However, a requirement for the applicability of generalized
projections algorithms to FROG-CRADB 1s that there cannot be mseparable
terms inside the integrand of Eq. (12.23) that depend both on momentum and
time [71]. Obviously, two terms in Eq. (12.23) cause trouble: d; and o(?).

The standard remedy to fix this 1ssue 1s to make the central momentum ap-
prozimation (CMA ), by substituting p(#) with the central momentum of the




FROG-CRAB

Frequency-Resolved Optical Gating for Complete Retrieval of Attosecond Bursts
Y. Mairesse and F. Quéré, Phys. Rev. A 71, 011401 (2005)

unstreaked electrons pg (and v by vg). 'The CMA 1s good as long as the band-
width of the attosecond pulse 1s much smaller than the central energv of the
photoelectrons. Interestingly, for recent state-of-the-art experiments [19, 20].
the CMA is only barely met, the isolated 65-as pulses in [61] already vio-
late this approximation. For such ultrabroadband XUV pulses novel retrieval
algorithms, that do not employ the CMA, have been developed, e.g, _Phase
Retrieval by Omega Oscillation Filtering (PROOF) (72| and Volkov transform
generalized projections algorithm (VIGPA) [73] .

Coming back to FROG-CRAB: as can be seen by the reconstructions shown
in Figs. 12.29. 12.30, and 12.31, FROG-CRADB provides a unified framework
to characterize APTs and and [APs and even more complex fields.

PROOQOF: M. Chini et al., Opt. Express 18, 13006 (2010)
VTGPA: P.D. Keathley et al., New J. Phys. 18, 073009 (2016)
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12.3.7 Transient XUV absorption spectroscopy

changes induced by a first strong pump pulse are probed by the
transient absorption changes of an isolated attosecond XUV pulse

real-time observation of valence electron motion in Kr:
E. Goulielmakis et al., Nature 466, 739 (2010)

observation of Autler-Townes splitting and sub-cycle AC Stark shifts in He:
M. Chini et al., Sci. Rep. 3, 1105 (2013).

laser control between symmetric Lorentzian and asymmetric Fano line
shapes in He:
C. Ott at al., Science 340, 716 (2013)

observation and control of two-electron wave packets in He:
C. Ott et al., Nature 516, 374 (2014)

Show video!



12.3.8 Attosecond ion-charge-state chronoscopy

attosecond tunneling spectroscopy
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12.3.9 Attoscience beamline at MPQ Garching
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12.3.9 Attoscience beamline at ETH Zurich
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