
 

 

Abstract  
  

Attosecond optics emerged in 2001. It deals with the 
generation, characterization and application of extreme 
ultraviolet pulses shorter than one optical cycle of visible 
light. The duration of isolated attosecond pulses has recently 
reached 67-as.      

 

I.  INTRODUCTION  
Since the first demonstration of the laser in 1960, the 

duration of coherent light pulses has been dramatically 
reduced to improve the temporal resolution of ultrafast 
imaging and spectroscopy. Laser pulses less than 10 fs 
could be generated by the mid-1980s [1] and became 
important probes for studying rotational and vibrational 
dynamics in molecules. Attosecond pulses are needed to 
“freeze” electronic motion in atoms, molecules and 
condensed matter. However, generating such extremely 
short pulses directly from visible lasers was a grand 
challenge at that time because of the limited spectral 
bandwidth. For about 15 years, only minor progress was 
made in reducing the laser pulse duration, as depicted in 
Fig 1.   

 
 
 
 
 
 
 
 
 
 
 
 
For additional information not included in these 

instructions, please contact the paper submission office at 
cleo-pr-oecc-ps2013@jtbcom.co.jp. 

 
 

Fig. 1. Evolution of the ultrafast lasers in 50 years. 

II.  THE ATTOSECOND REVOLUTION 
The attosecond barrier was broken in 2001 by using a 

nonlinear optical process called high-order harmonic 
generation [2, 3]. High harmonic generation was 
discovered in the late 1980s [4, 5]. When the intensity of 
a short pulse laser interacting with  noble gases reaches 

1013 to 1015 W/cm2, multiple high-order harmonics of the 
laser with comparable intensity can be emitted. This is 
drastically different from the perturbative harmonic 
generation process at lower laser intensities. By 1997, the 
spectral range covered by the high harmonic radiation 
already extended to soft x-rays [6, 7], which can support 
extremely short attosecond pulses.  

A.  Three-step Model and Strong Field Approximation 
Another prerequisite of attosecond pulse generation is 

that the spectral phase of the high harmonic light must be 
well behaved. This is indeed the case as explained by a 
semi-classical model [8, 9]. The model vividly describes 
how an electron in an atom moves under the influence of 
strong external field during one laser cycle, as illustrated 
in Fig. 2. First, the electron tunnels out the potential 
barrier formed by the superposition of the laser field and 
the atomic Coulomb field. Then the freed electron gains a 
large kinetic energy (hundreds of electron volts) from the 
laser field. Finally, it recombines with the parent ion that 
leads to the emission of extreme ultraviolet or soft x-rays. 
The semi-classical model shows that only electrons 
ionized during a faction of laser cycle can return, thus the 
emission time is shorter than the laser cycle. This picture 
was validated by a more comprehensive quantum model 
based on the strong field approximation [10, 11]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Semi-classical model of attosecond pulse generation. 

 

B.  Isolated Attosecond Pulses and Temporal Gating 
The three-step model reveals that the high harmonic 

frequency comb generated with a multi-cycle 
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femtosecond laser results from the interference of many 
attosecond pulses separated by half a laser cycle, which 
was later confirmed by experiments [2]. For attosecond 
pump-attosecond probe experiments, it is desirable to use 
single isolated attosecond pulses so that the starting time 
of the process as well as the time that the system is 
probed are well defined. Various gating schemes have 
been invented to select a single attosecond pulse from the 
pulse train, such as amplitude gating, polarization gating 
and Double Optical Gating (DOG) [12]. The shortest 
light pulses, 67 as, was generated with the DOG method 
[13], as shown in Fig. 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Isolated attosecond pulse generated by DOG. 

III.  NEW CHALLENGES 
Over the last ten years, attosecond pulses have already 

been demonstrated to be a powerful tool for studying 
electron dynamics [14]. However, due to the low 
conversion efficiency of the high harmonic generation 
process, the photon flux of the isolated attosecond pulses 
is rather low (pJ to nJ). As a result, almost all attosecond 
time-resolved experiments have been conducted by 
synchronizing a strong femtosecond laser with the weak 
attosecond light source in the target medium. Attosecond 
streaking and attosecond transient absorption that make 
use of such combinations have been developed [14-16]. 
Although interesting sub-cycle physics has been 
uncovered, the interpretation of the data can be rather 
difficult [17].     

Much higher flux (J per pulse) is required for 
conducting true atto pump-atto probe experiments [18]. 
Generating such high power isolated attosecond pulses is 
one of the main thrusts in attosecond optics research. It 
has been demonstrated that isolated attosecond pulses can 
be generated from mJ level, 20 fs laser pulses directly 
from chirped pulse amplifiers by using Generalized 
Double Optical Gating. We are therefore optimistic that 
isolated attosecond with sufficient energy can be obtained 
by implementing this or other gating schemes with ~100 
TW level driving lasers in the next few years.  

ACKNOWLEDGMENT  
This work is funded by the U.S. Army Research Office 

and the National Science Foundation.   

REFERENCES  
[1] N. Bloembergen, “From nanosecond to femtosecond 

science,” Rev. Mod. Phys. 71, S283 (1999). 
[2] P. M. Paul, E. S. Toma, P. Breger, G. Mullot, F. Auge, Ph. 

Balcou, H. G. Muller, and P. Agostini, “Observation of a 
train of attosecond pulses from high harmonic generation,” 
Science 292, 1689 (2001).  

[3] M. Hentschel, R. Kienberger, Ch. Spielmann, G. A. 
Reider, N. Milosevic, T. Brabec, P. Corkum, U. 
Heinzmann, M. Drescher, and F. Krausz,  “Attosecond 
metrology,”  Nature 414, 509 (2001).. 

[4] A. McPherson, G. Gibson, H. Jara, U. Johann, T. S. Luk, I. 
A. McIntyre, K. Boyer, and C. K. Rhodes, “Studies of 
multiphoton production of vacuum-ultraviolet radiation in 
the rare gases,”  J. Opt. Soc. Am. B 4, 595 (1987).  

[5] M. Ferray, A. L'Huillier, X. F. Li, L. A. Lompré, G. 
Mainfray and C. Manus, “Multiple-harmonic conversion of 
1064 nm radiation in rare gases,”  J. Phys. B 21, L31 
(1988). 

[6] Ch. Spielmann, N. H. Burnett, S. Sartania, R. Koppitsch, 
M. Schnürer, C. Kan, M. Lenzner, P. Wobrauschek, and F. 
Krausz, “Generation of coherent X-rays in the water 
window using 5-femtosecond laser pulses,” Science 278, 
661 (1997). 

[7] Z. Chang, A. Rundquist, H. Wang, H. Kapteyn, M. 
Murnane, “Generation of coherent soft X-rays at 2.7 nm 
using high harmonics,” Phys.  Rev. Lett. 79, 2967 (1997). 

[8] P. B. Corkum, “Plasma perspective on strong-field 
multiphoton ionization,” Phys. Rev. Lett. 71, 1994 (1993). 

[9] K. C. Kulander, K. J. Schafer, J. L. Krause, “Dynamics of 
short-pulse excitation, ionization and harmonic 
conversion,” in Super-Intense Laser-Atom Physics, NATO 
ASI, Ser. B, Vol. 316, Page 95–110.  Plenum, New York 
(1993).  

[10] M. Lewenstein, P. Balcou, M. Ivanov, A. L'Huillier, P. B. 
Corkum, “Theory of high-harmonic generation by low 
frequency laser fields,” Phys. Rev. A 49, 2117 (1994). 

[11] W. Becker, S. Long, and J. K. McIver, “Modeling 
harmonic generation by a zero-range potential,” Phys. Rev. 
A 50, 1540 (1994). 

[12] Kun Zhao, Qi Zhang, Michael Chini, Yi Wu, Xiaowei 
Wang, and Zenghu Chang, “Tailoring a 67 attosecond 
pulse through advantageous phase-mismatch,” Optics 
Letters 37, 3891 (2012). 

[13] Zenghu Chang and P. Corkum, “Attosecond photon 
sources: the first decade and beyond [Invited],” J. Opt. 
Soc. Am. B 27, 9 (2010). 

[14] Ferenc Krausz and Misha Ivanov, “Attosecond physics,” 
Reviews of Modern Physics 81, 163 (2009). 

[15] Eleftherios Goulielmakis, Zhi-Heng Loh, Adrian Wirth, 
Robin Santra, Nina Rohringer, Vladislav S. Yakovlev, 
Sergey Zherebtsov, Thomas Pfeifer, Abdallah M. 
Azzeer, Matthias F. Kling, Stephen R. Leone & Ferenc 
Krausz,  “Real-time observation of valence electron 
motion,” Nature 466, 739 (2010). 

[16] He Wang, Michael Chini, Shouyuan Chen, Chang-Hua 
Zhang, Feng He, Yan Cheng, Yi Wu, Uwe Thumm, and 
Zenghu Chang, “Attosecond Time-Resolved 
Autoionization of Argon,” Phys. Rev. Lett. 105, 143002 
(2010). 

[17] Michael Chini, Xiaowei Wang, Yan Cheng, Yi Wu, Di 
Zhao, Dmitry A. Telnov, Shih-I Chu, and Zenghu Chang, 
“Sub-cycle Oscillations in Virtual States Brought to 
Light,” Scientific Reports 3, 1105  (2013). 

[18] Zenghu Chang, Fundamentals of Attosecond Optics, CRC 
Press; (2011) ISBN-10: 1420089374 

 

2013 Conference on Lasers and Electro-Optics Pacific Rim (CLEO-PR)

©2013 IEEE




