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We are constructing a system for attosecond pulse generation via high-order harmonics generation in

noble gases. To obtain a single attosecond pulse rather than a pulse train, we employ the regime of a

few-cycle-pulse-driven harmonics generation. To achieve it, we are developing an external pulse compressor

down to 7 - 10 fs using a gas-filled hollow fiber followed by chirped mirrors.

We also proposed the method of high-energy attosecond pulse generation using high-order harmonics

generated during the interaction of a relativistic-irradiance laser pulse with a thin foil.
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1. Introduction

The duration of light pulses in the visible and near-IR spectral regions now tightly approaches the

fundamental limit - the single optical period [1]. Generation of sub-fs electromagnetic pulses implies the use

of radiation with shorter wavelength. We are constructing a system for attosecond pulse generation

employing high-order harmonics of laser radiation generated in gas [2]. Novel focusing aperiodic XUV

multilayer mirrors were proposed as broadband spectral filters with the prescribed dispersion [3,4]. This

allows compressing chirped XUV pulses and obtaining pulses with the duration down to 150 as. In order to

obtain a single attosecond pulse rather than a pulse train, we are developing an external pulse compression

down to few optical cycles (7-10 fs) using a gas-filled hollow fiber followed by chirped mirrors [5]. For the

precise measurement of driving laser pulses a frequency-resolved optical gating (FROG) [6] system was

designed and implemented.

2. Transient Grating FROG system for sub-10 fs pulses

Full knowledge of femtosecond laser pulse parameters is of vital importance for the success of modern

experiments. The most important parameters of ultrashort pulses are intensity envelope /(/) and phase y^t).

These two functions of time determine the time dependence of the electric field with the only ambiguity of

the carrier-envelope phase: E(t) = [I(t)]05cos[a>0t-yKt) + <//o]- O n e of the most powerful techniques of
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measurement of both the intensity and the phase is FROG [6]. We present the design of the transient grating

FROG system capable of measuring pulses with the duration down to 5 fs and the first results obtained with

150-fs pulses. The purpose of this system is the measurement of both initial laser pulses and pulses after

compression in a hollow waveguide followed by chirped mirrors.

The layout of the FROG system is shown in Fig. 1. In the few-cycle regime, the spectral width Aco

becomes comparable with the central frequency co0, so the dispersion becomes an issue of major concern. To

eliminate dispersion, we use a spatial input mask for pulse division and reflective optics only (silver-coated

mirrors). The combination of the input mask and a two-sided mirror acts as a dispersionless beam splitter, in

contrast to the conventional beamsplitter that does introduce dispersion. A 150-um thick fused silica plate

serves as a nonlinear medium.

Example of the FROG trace and retrieved pulse are shown in Fig. 2. The FWHM pulse duration is 147 fs.

To spectrometei
utput

mask

Fig. 1. Optical layout and implementation of the FROG system.
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Fig. 2. Left: FROG trace; right: retrieved pulse, T = 147 fs.

3. Hollow-fiber-based external pulse compression system for the generation of sub-10 fs
pulses

Though modern Ti:Sapphire oscillators can generate pulses with the duration of lOfs and less, after

amplification the duration increases up to at least 20-30 fs due to the gain narrowing even if the narrowing

control is implemented. To reduce the pulse duration down to few light cycles, it is necessary to increase the

pulse bandwidth. This can be conveniently done using a gas-filled hollow fiber, where the femtosecond pulse

experiences Self-Phase Modulation (SPM) [5]. The compressor system (Fig. 3) has the fiber diameter of

250 urn. It is long enough (1 m) so that all modes except the fundamental one are strongly attenuated. Thus,

- 2 2 8 -



JAERI-Conf 2005-004

the SPM is spatially uniform. In addition, the fiber simultaneously performs spatial filtering, providing an

almost diffraction-limited beam at the output. The pulses after the SPM have the duration approximately

equal to the duration of the input pulses and several times larger spectral bandwidth. To compress these

pulses, the induced chirp is removed with the help of a dielectric negative-dispersion mirror pair

(GDD - 45 fs2, 600-1000 nm, compensated dispersion oscillations, Layertec). The system was designed to

compress 1-2-mJ, 30-fs pulses down to ~ 7 fs with approximately 50% efficiency.

Fig. 3. Hollow-fiber-based external pulse compressor.

4. High-energy attosecond pulse generation in the framework of the sliding mirror

model

The energy of attosecond pulses generated in gases is limited due to a small conversion efficiency of

high-order harmonics generation process. On the other hand, the conversion efficiency of harmonics

generated in the interaction of a relativistic-irradiance laser pulse (/> 1.37><1018 (um/Ao)2 W/cm2) with a

solid target can be much higher, up to 10"4 in the 10-20 nm region [7]. We developed the theory of the

attosecond pulse generation in the relativistic regime using the sliding mirror model [8]. In this model, the

electrons are assumed to move as a whole in the plane of the thin foil target only. This holds true for

few-cycle incident laser pulses and 1) "heavy" foil, in which the charge separation electric field suppresses

the out-of-plane motion of the electrons, or 2) for any foil in the case of two pulses hitting the foil from both

sides. We established the relation between the pulse intensity and the plasma parameters that provides the

optimum conditions for attosecond pulse generation: eEo/(mccoo) ~ imlKji^), which is equivalent to

/(r= 1019 W/cm2 (w/1024 cm'3)2(//nm)2 (e and m are the electron charge and mass, c is the velocity of light, Eo is

the electric field amplitude, coo and Xo are the laser frequency and wavelength, n and / are the plasma density

and thickness, and ncr is the critical plasma density). To generate an isolated attosecond pulse (Fig. 4), it is

necessary to use spectral filtering to reject lower-order harmonics, which are generated at several instants of

time. Without spectral filtering, an attosecond pulse train is generated with the conversion efficiency of

several percent, which gives the main pulse energy of the order of 100 mJ.
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Fig. 4. Attosecond pulse generation in the relativistic regime, /o = 5xlO W/cm , Ao = 800nm, n =

6><1023 cm"3, /= 10 nm. Eo and E are the electric fields of the driving laser and the attosecond pulse. Left:

isolated pulse; spectral filter is 30coo - 5Ocuo, conversion efficiency is 6X10"6, pulse duration is 140 as. Right:

pulse train; conversion efficiency into the main pulse is 0.03, main pulse duration is 190 as.
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