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Our natural curiosity requires faster and shorter scales 

Can we see the motion of electrons?

Bohr radius ~ 1.5 Angstrom 
Bohr orbit period ~ 150 attoseconds

1 as / 1 s    ~   1 s / age of Universe

"One of the primary goals of attosecond science is to provide more insights into the
dynamics of atomic electrons.“
P. Agostini, L.F. DiMauro, Reports on Progress in Physics,  67, 813 (2004)

Hydrogen atom

1 as = 10-18 s



Pump-probe technique



Quest for more intense laser pulses
Intensity = Energy / Unit Surface / Unit time 

Sun Intensity on Earth surface ~ 0.1 W cm-2

• 1985 CPA (Chirped Pulse Amplification)
• Petawatt laser systems (1015 Watt)
• World power production ~1013 Watt
• Ultrashort pulses (femtosecond)
• 1 femtosecond = 10-15 seconds

• 10 times smaller than human hair

Picture credit: CUOS, University of Michigan
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Harmonics and attosecond physics
Heisenberg uncertainty:

If we want short pulses – we need a broad spectrum
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attosecond ‘train’ (first produced in 2001)



Attosecond beamline

Picture from F. Krausz and M. Ivanov, RMP, 81, 163 (2009) 



Plasma medium for high peak number of UV photons
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Figure 7. Scheme showing the proposed experimental configuration for the
generation of attosecond pulses using harmonics from overdense plasmas.

λL = 0.8 µm. Although most of the simulations were performed with a step-like electron and
ion density profile, we have also used an exponential density profile of a given scale-length L in
order to investigate the effect of preformed plasma. As it was pointed out in section 2, passing
the reflected pulse through an appropriately thin metal foil results in filtering the low frequencies
and thus generating attosecond pulses. As it is discussed later on, it is mainly the combination
of filter material and laser intensity that determines the spectral range and the duration of the
attosecond pulses. The effect of the carrier-envelope phase on the filtered pulses has been studied
by varying the absolute phase φ between 0 (sine pulse) and π/2 (cosine pulse).

In figure 8 the spatiotemporal behaviour of the electron density profile is shown during the
interaction of a two-cycle cosine pulse of intensity 2 × 1019 W cm−2 (aL = 3) with a preformed
plasma possessing a scale-length L = λ/4. Upon arrival of the laser pulse the electrons start
executing strong and rather complicated excursions around the critical density ωL = ωp surface.
The motion is certainly highly nonlinear resulting in a distorted reflected pulse rich in harmonic
content. This is depicted in the plots to the left of figure 8 where the incident and reflected pulse
in time-domain are shown. The tendency towards generating shorter pulses becomes evident
by the sharpening of the half-cycle peaks in the reflected pulse. Although some of these peaks
exhibit durations in the range of a few hundred attoseconds, they are not the attosecond pulses
sought for since they do not possess a carrier frequency.

As in the case of atomic harmonics [32], use of a high-pass filter that absorbs the fundamental
and the lower harmonics gives rise to pulses shorter than the laser half-period. In section 2 the
process was studied in terms of the mirror model. Here, we apply the same method to the
simulations results using realistic filters consisting of 0.2 µm thick Mg, Al, Zr or Cu metal foils.
The choice is such as to select different frequency ranges starting from low to high energy photons.
The result of filtering of the reflected radiation produced by a cosine φ = π/2 laser pulse with
intensity 7 × 1020 W cm−2 (aL = 20) on a step-like density profile is shown in a comprehensive
way in figure 9. The first column contains the incident and the reflected pulse in the time domain

New Journal of Physics 8 (2006) 19 (http://www.njp.org/)

Atomic medium:
• high average photon number
• low peak photon number
• IR pump – UV probe
• hard to reach water window

Plasma medium:
• low average photon number
• high peak photon number
• UV pump – UV probe
• water window within reach

from Tsakiris et al, 
NJP, 8, 19 (2006) 



Mechanisms of surface harmonics generation
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Fig. SI-1 “Attosecond phase locking of harmonics …” by Y. Nomura et al. 
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Figure 1 |Mechanism for CSE in transmission during normal incidence interactions. a, A few-cycle super-Gaussian pulse, a0 = 20, in normal incidence on
a 200-nm-thick solid-density (800Nc) foil with a 100 nm linear pre-plasma ramp to vacuum is studied using the PICWIG 1D/3-P PIC code20. See
Methods for the definition of a0 and Nc. b, The trajectories of those quasi-electrons that gained the longitudinal momentum px > 5 during 1.5 laser cycles.
c, The intensity of emission with respect to position and time from the same simulation parameters extracted from the nanobunch trajectories (blue
implies stronger emission). d, A 2D PIC simulation (PSC code21) demonstrating dense electron nanobunch formation during normal incidence interactions.
This simulation is performed for a 50 fs pulse with a0 = 20, target thickness 150 nm with a 100 nm linear ramp to vacuum on the front and rear surfaces,
and density 40Nc. The density profile is measured along the white dashed line (d) and the bunch width � is measured at x. The CSE mechanism is
discussed in greater detail in the Supplementary Information.

The fundamental mechanism for coherent XUV/X-ray
generation in this geometry is studied using particle-in-cell (PIC)
codes20,21 and is detailed in Fig. 1b–d. Dense nanobunches of
electrons are formed at the front surface of the target and
accelerated into the transmitted direction owing to the relativistic
ponderomotive force of the laser (Fig. 1b). This observation is
in excellent agreement with previous work22. These nanobunches
undergo rapid elliptical trajectories across the plasma–vacuum
boundary before being emitted through the rear of the foil in the
transmitted laser direction. Examining the temporal evolution of
radiation emitted froma given trajectory reveals an intense, ultrafast
(<0.1 laser cycle duration) XUV pulse emitted in the transmitted
direction just as the bunch reverses its direction towards the target.
This is shown by the blue regions in the XUV emission intensity
mapped onto the bunch trajectories (Fig. 1c). The nanobunches
are observed to have a spatial extent at the resolution limit of the
simulation of � ⇠ 10 nm and a density>0.4Nmax (whereNmax is the
maximum target density, Fig. 1d).

Figure 2 shows the spectrum and corresponding temporal
structure generated in transmission during the rising edge of
a 500 fs laser pulse in normal incidence on an ultrathin foil
from PIC simulations. The spectrum is characterized by a low-
frequency cutoff (corresponding to !pmax of the parent foil) and
an efficiency scaling slope closely following the n�4/3 predicted
for CSE in specular reflection7,8. The n�8/3 ROM scaling is shown
for comparison. In this geometry the high-density plasma acts
as a high-pass frequency filter and permits the generation of an

attosecond pulse trainwithout the need for further spectral filtering.
This is shown in Fig. 2b, which confirms the temporal coherence of
the CSE mechanism. It is worth noting that simulations have also
shown that the characteristic spectral shape of CSE can also lead to
attosecondpulse production even in the absence of such filtering7,8.

To investigate the generation of CSE in transmission from
ultrathin foils we performed experiments using the Trident Laser
Facility23 at the Los Alamos National Laboratory. Nanometre-scale
thickness diamond-like carbon (DLC) foil targets were placed in the
laser focus normal to the incident beam (Fig. 1a), resulting in peak
interaction intensities of ⇠4⇥1020 W cm�2. See Methods for laser
pulse contrast considerations.

Figure 3 shows typical harmonic spectra obtained in transmis-
sion from 200 nm DLC targets using a Hitachi flatfield-grating-
based XUV spectrometer and a backthinned Andor CCD (charge-
coupled device) detector. The spectrum emitted in a cone along
the laser axis is characterized by a very slow decay to high orders
(Fig. 3a). The off-axis spectrum at larger angles around the laser
axis exhibits a more rapid decay to high orders (Fig. 3b). These
two spectra combined demonstrate XUV-emission cone narrowing
with increasing harmonic order24. The spectrum also exhibits a
low-frequency cutoff 25 < nco < 26. The presence of this low-
frequency cutoff is a clear indication of the maintenance of a
near-solid-density plasma at the time of CSE generation for 200 nm
foils and confirms CSE from the front surface of the foil. This is
in excellent agreement with hydrodynamic and PIC simulations
for our exact pulse profile and interaction intensity. Spectra from
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Figure 1. Plasma surface motion (vertical axis represents the time and horizontal
axis the space coordinate, both in arbitrary units) under the influence of linearly
(a), circularly (b) and (c) gated pulses. In the case of linear polarization
(a) surface oscillations (red color) are clearly seen. The generated train of
attosecond pulses propagating with the speed of light are shown in yellow.
Circular polarization (b) exhibits no oscillations and as a consequence no
harmonics are generated. In the case of a polarization gated pulse (c) the
surface oscillations are highly suppressed during the time of circular polarization
and only a few of them survive. One clearly sees that only one attosecond
pulse is generated. The simulation parameters are: aL = 10 (IL = 100Irel ⇡
2.0⇥ 1020 W cm�2, �L = 0.8µm), ⌧L = 5 cycles (15 fs), ne = 40ncr and normal
incidence.

ion background. For near-normal incidence, the oscillations are driven by the Lorentz force Fp
of the incident laser pulse. In the case of linear polarization of the incident pulse, this force
varies as Fp ⇠ a2L(t) · [1 + sin(2!L · t)], where a2L(t) = IL(t) · �2L/(1.37⇥ 1018 Wµm2 cm�2) is
the normalized vector potential envelope. Charge separation and induced electrostatic fields give
rise to a restoring force and thus to surface oscillations. Due to the relativistic Doppler shift, light
reflected from such an oscillating mirror comprises a broad harmonic spectrum. Moreover, the
harmonics are generated only during the short time when the electrons that the mirror consist
of move towards the laser pulse, which results in their phase-locking and attosecond duration.
In the case of the circularly polarized pulse the Lorentz force is of the form Fp ⇠ a2L(t) and
thus it exhibits no fast oscillations. The slowly-varying laser pressure following the envelope
of the laser pulse pushes the electrons against the restoring force due to charge separation,
creating only a smooth depression in the electron cloud. The absence of fast surface oscillations
means also absence of harmonics emission. These basic assumptions of the OM are clearly
supported by the 1D-PIC simulations shown in figure 1, where the motion of the surface under
the influence of linearly and circularly polarized light has been calculated.

4. Polarization gating technique

Now as the basic features of the plasma–vacuum interface motion and the accompanying
harmonics generation have been described, the idea of polarization gating becomes
straightforward. When the polarization over the pulse duration rapidly evolves from circular
to linear and back to circular then the harmonics will be generated only during the linear period,
and the shorter it is—the fewer attosecond pulses will be generated. It is even possible to gate
only one attosecond pulse (see section 5).

New Journal of Physics 10 (2008) 025025 (http://www.njp.org/)
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Pictures from:
1. Nomura, et al, Nat. Phys., 5, 124 (2009)
2. Dromey, et al, Nat. Phys., 8, 804 (2012)
3. Rykovanov, et al, NJP, 10, 025025 (2008)
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Gating of single attosecond pulses

!13

Intensity gating Polarization gating

+ other techniques (i.e. attosecond lighthouse)



Влияние фазы несущей (carrier envelope 
phase) на генерацию аттосекундных 

импульсов 



Граничные условия



Граничные условия
Непрерывность электрического поля

Непрерывность магнитного поля

Все поля известны, можем смотреть на (слаборелятивистскую) динамику



Граничные условия
Непрерывность электрического поля

Непрерывность магнитного поля

Ступенька

Линейная преплазма

Все поля известны, можем смотреть на (слаборелятивистскую) динамику



Динамика плазмы - 
осциллирующее зеркало



Влияние фазы несущей и 
параметров плазмы

Ступенька

Линейная преплазма
Фаза вынуждающего поля, зависящая от 

параметров плазмы

косинус импульс синус импульс

Intensity gating for single attosecond pulses

эл. поле



Влияние фазы несущей и 
параметров плазмы

Ступенька

Зависимость фазы отраженного света от плотности плазмы



Влияние фазы несущей и 
параметров плазмы

Зависимость фазы отраженного света от плотности плазмы

Линейная преплазма



Влияние фазы несущей и 
параметров плазмы

Необходимо заботиться не только о CEP (carrier envelope phase) 
лазера, но и подбирать фазу правильно в соответствие с параметрами 
плазмы. Примеры для ступеньки;

В отражении



Влияние фазы несущей и 
параметров плазмы

Необходимо заботиться не только о CEP (carrier envelope phase) 
лазера, но и подбирать фазу правильно в соответствие с параметрами 
плазмы. Примеры для ступеньки

В прошедшем свете  
(без фильтрации —  

плазма сама отфильтровывает)

Coherent Synchrotron Emission2



Our natural curiosity requires faster and shorter scales 
Эйнштейн 1905: 
Есть идеальное зеркало, движущееся с постоянной скоростью близкой к 
скорости света c. Что будет при отражении? 

Осциллирующее зеркало: 
А что будет если зеркало осциллирует, причем скорость в пике близка к 
скорости света c?

Часть 3. Довольно простая модельная 
постановка задачи



Модельные расчеты



Передача орбитального углового момента
Движение зеркала при облучении Лагерр-Гауссовым пучком с OУМ

Fundamental (1st) 3rd harmonic 5rd harmonic



Заключение
• Представлена простейшая осцилляторная модель для 

динамики поверхности твердотельной плазмы


• Показано наличие сдвига фазы зависящего от параметров 
плазмы


• Показано влияние фазы несущей и параметров плазмы на 
генерацию одиночных аттосекундных импульсов


• В процессе: применение нелинейной гидродинамической 
модели движения поверхности (with Arnaud Debayle) — 
получены похожие результаты


• Исследование 3хмерных задач — генерация импульсов с 
OAM




