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Abstract 

When an electron is scattered by an atom or a molecule in a laser field, the energy 

of the scattered electron can be shifted by multiples of photon energy.  This process is 

called laser-assisted elastic electron scattering (LAES).  This thesis consists of two 

studies related to the LAES processes.   

In the first study, multiphoton free-free transitions were observed in the LAES 

processes by Xe atoms in a femtosecond near-infrared intense laser field.  The distinct 

peak structures at the energy shifts of n-photons (n = +1, +2, +3, +4, +5, and +6) were 

identified in the observed energy spectrum, and the energy and angular distributions of 

the LAES signals were in good agreement with those obtained by numerical simulations 

based on the Kroll-Watson theory.  The LAES signal intensities at the scattering 

angles at 9.1 deg. and 11.8 deg. exhibited a clear plateau structure as a function of the 

harmonic order n, and the mechanism of these non-perturbative LAES processes was 

interpreted by a classical mechanical description.   

In the second study, a second-generation apparatus equipped with an 

angular-resolved time-of-flight electron analyzer was developed for observing the 

LAES processes in femtosecond intense laser fields.  The energy and the scattering 

angle of the scattered electrons by Xe atoms in the absence of the laser fields were 

measured.  From the energy spectra of the scattered electrons, the energy resolution of 

the apparatus was found to be sufficiently high to detect the femtosecond-LAES signals.  

The detection efficiency was improved by ~50 times as high as that achieved in the 

first-generation apparatus used in the first study.   
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1. Introduction 

Changes in the geometrical structure of molecules occur on a femtosecond 

timescale, and in the case of electrons within the molecules or atoms, the motion occurs 

on a sub-femtosecond or few-femtosecond timescale.  The motivation of my research 

is to investigate these dynamics, and for this aim, laser-assisted elastic electron 

scattering process was utilized.   

As shown FIG. 1(b), laser-assisted elastic electron scattering (LAES) is a process in 

which electrons change their energy by nħω (n: integer, ħω: photon energy) through 

elastic scattering by atoms or molecules in a laser field [1].  The LAES process occurs 

only when three beams, i.e., an atomic beam, an electron beam, and a laser beam, 

collide with each other, and consequently, three different kinds of interactions among 

them, i.e., the electron-atom interaction, the laser-electron interaction, and the 

laser-atom interaction, are involved in the LAES process, attracting the interest of 

researchers in collision physics as well as in laser physics and chemistry [2-5].   

Kroll and Watson developed the theoretical framework of the LAES processes [6] 

and categorized the LAES processes into three regimes, i.e., (i) perturbative regime, 

(ii) intermediate regime, and (iii) nonperturbative regime.  When the LAES process is 

FIG. 1. Schematic of (a) the ordinary elastic electron scattering and (b) the LAES processes.  When 

the electron with the energy of Ei is elastically scattered by the sample in the absence of the laser 

field, the energy of the scattered electron, Ef, is equal to that of the incident electron and is expressed 

as Ef = Ei.  When the electron is scattered by the sample in the laser field, the energy of the 

scattered electron can be shifted by multiples of photon energy and is expressed as Ef = Ei + nħω. 
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in the nonperturbative regime, the process can be treated as the dynamics of the 

classical electron-particle, and therefore, the time when the electron-atom collision 

occurs can be estimated from the observable momentum of the scattered electrons by 

tracing the trajectory of the electron-particle.  Consequently, the LAES process can be 

utilized to the investigation of ultrafast dynamics in target atoms and molecules.  In 

the present study, high-order multiphoton LAES processes in the nonperturbative 

regime by Xe atoms in a mode-locked femtosecond intense laser field (λ = 800 nm, Δt 

= 100 fs, I = 8.8×10
12

 W/cm
2
) were observed by using the apparatus [7] used in our 

previous studies, and I showed that we can interpret the ultrafast electron collision in 

the LAES processes by classical mechanics and that slight differences in the 

electron-atom collision times of the order of 10 attoseconds can be discriminated.  

This classical mechanical interpretation of the LAES processes in terms of the collision 

time will be of use for the investigation of ultrafast electron collisions by target atoms 

and molecules by the measurements of the LAES signals.   

Furthermore, from the femtosecond-LAES measurements, we are able to 

investigate ultrafast responses of the electrons within an atom in an intense laser field 

[8] and determine temporal variation of geometrical structure of molecules in the gas 

phase in the course of chemical reactions with femtosecond temporal resolution [9].  In 

2014, we demonstrated that the instantaneous geometrical structure of static CCl4 

molecules during the femtosecond laser pulse duration can be determined by 

laser-assisted electron diffraction (LAED) [10].  However, the femtosecond-LAES or 

LAED signals were in general extremely weak, and significant improvements in 

signal-to-noise ratios of LAES signals are necessary for time-resolved measurements.  

In the present study, I have developed a second-generation femtosecond-LAES 
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apparatus with a high collection efficiency of scattered electrons in order to achieve 

high signal-to-noise ratios of LAES signals. 

Chapter 2 gives the study of the high-order multiphoton LAES processes, Chapter 3 

gives the details of the second-generation apparatus, and Chapter 4 gives a summary of 

this thesis.   



第 2章 

 本章については、5年以内に雑誌等で刊行予定のため、非公開。 

  



第 3章 

 本章については、5年以内に雑誌等で刊行予定のため、非公開。 
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4. Summary 

Two studies which relate to the femtosecond-LAES processes were described in 

this thesis.   

In the first study, I performed the measurement of high-order multiphoton LAES 

processes in a femtosecond near-infrared intense laser field (Δt = 100 fs, λ = 800 nm, I 

= 8.8×10
12

 W/cm
2
), and succeeded in observing the signals of the scattered electrons 

with n-photon (n = +1, +2, +3, +4, +5, and +6) energy shift.  In the energy spectra of 

the scattering angles at 9.1° and 11.8°, clear plateau structures were identified.  I 

interpreted the mechanism of the LAES signals in the plateau region in terms of 

classical trajectories of the electron in the well-defined laser electric field, and slight 

differences in the electron-atom collision time of the order of 10 attosecond were 

discriminated for each n-photon LAES signals.  The result of this measurement will be 

of use to measure the electron dynamics within an atoms or molecules in intense laser 

field.   

In the second study, I have developed the second-generation apparatus for 

femtosecond-LAES measurements equipped with the angular-resolved time-of-flight 

electron energy analyzer.  The detection efficiency became around 50 times as high as 

that achieved in the first-generation apparatus.  By performing measurements with this 

apparatus, the time-resolved pump-probe LAED measurement, i.e., the determination of 

the geometrical structure change of the isolated molecules in the course of chemical 

reactions with sub-10 fs temporal resolution, can be realized.  Furthermore, the 

measurement of the high-order multiphoton LAES signals around the small angle region, 

from which the electron dynamics within an atom in intense laser fields can be 

investigated, will also be achieved by using the new apparatus.    



40 

 

References 

[1] N. J. Mason, Rep. Prog. Phys. 56, 1275 (1993). 

[2] M. H. Mittleman, Introduction to the Theory of Laser-Atom Interactions (Plenum, 

New York, 1982). 

[3] F. H. M. Faisal, Theory of Multiphoton Processes (Plenum, New York, 1987). 

[4] F. Ehlotzky, A. Jaroń, and J. Z. Kamiński, Phys. Rep. 297, 63 (1998). 

[5] C. J. Joachain, N. J. Kylstra, and R. M. Potvliege, Atoms in Intense Laser Fields 

(Cambridge University Press, Cambridge, 2011). 

[6] N. M. Kroll and K. M. Watson, Phys. Rev. A 8, 804 (1973). 

[7] R. Kanya, Y. Morimoto, and K. Yamanouchi, Rev. Sci. Instrum. 82, 123105 

(2011). 

[8] Y. Morimoto, R. Kanya, and K. Yamanouchi, Phys. Rev. Lett. 115, 123201 

(2015). 

[9] R. Kanya, Y. Morimoto, and K. Yamanouchi, Phys. Rev. Lett. 105, 123202 

(2010). 

[10] Y. Morimoto, R. Kanya, and K. Yamanouchi, J. Chem. Phys. 140, 064201 (2014). 

[11] D. Andrick and L. Langhans, J. Phys. B 9, L459 (1976). 

[12] A. Weingartshofer, J. K. Holmes, G. Caudle, E. M. Clarke, and H. Krüger, Phys. 

Rev. Lett. 39, 269 (1977). 

[13] A. Weingartshofer, J. K. Holmes, J. Sabbagh, and S. L. Chin, J. Phys. B 16, 1805 

(1983). 

[14] K. J. Schafer, B. Yang, L. F. DiMauro, and K. C. Kulander, Phys. Rev. Lett. 70, 

1599 (1993). 

[15] P. B. Corkum, Phys. Rev. Lett. 71, 1994 (1993). 



41 

 

[16] D. N. Fittinghoff, P. R. Bolton, B. Chang, and K. C. Kulander, Phys. Rev. Lett. 69, 

2642 (1992). 

[17] B. Walker, B. Sheehy, L. F. DiMauro, P. Agostini, K. J. Schafer, and K. C. 

Kulander, Phys. Rev. Lett. 73, 1227 (1994). 

[18] G. G. Paulus, W. Nicklich, H. Xu, P. Lambropoulos, and H. Walther, Phys. Rev. 

Lett. 72, 2851 (1994). 

[19] M. Ferray, A. L’Huillier, X. F. Li, L. A. Lompré, G. Mainfray, and C. Manus, J. 

Phys. B 21, L31 (1988). 

[20] N. A. Papadogiannis, B. Witzel, C. Kalpouzos, and D. Charalambidis, Phys. Rev. 

Lett. 83, 4289 (1999). 

[21] P. M. Paul, E. S. Toma, P. Breger, G. Mullot, F. Augé, Ph. Balcou, H. G. Muller, 

P. Agostini, Science 292, 1689 (2001). 

[22] M. Hentschel, R. Kienberger, Ch. Spielmann, G. A. Reider, N. Milosevic, T. 

Brabec, P. Corkum, U. Heinzmann, M Drescher, and F. Krausz, Nature 414, 509 

(2001). 

[23] H. Niikura, F. Légaré, R. Hasbani, M. Ivanov, A. D. Bandrauk, D. M. Villeneuve, 

P. B. Corkum, Nature 417, 917 (2002). 

[24] P. B. Corkum, N. H. Burnett, and M. Y. Ivanov, Opt. Lett. 19, 1870 (1994). 

[25] I. J. Sola, E. Mével, L. Elouga, E. Constant, V. Strelkov, L. Poletto, P. Villoresi, E. 

Benedetti, J.-P. Caumes, S. Stagira, C. Vozzi, G. Sansone, and M. Nisoli, Nat. 

Phys. 2, 319 (2006). 

[26] T. Zuo, A. D. Bandrauk, P. B. Corkum, Chem. Phys. Lett. 259, 313 (1996). 

[27] M. Meckel, D. Comtois, D. Zeidler, A. Staudte, D. Pavičić, H. C. Bandulet, H. 

Pépin, J. C. Kieffer, R. Dörner, D. M. Villeneuve, P. B. Corkum, Science 320, 



42 

 

1478 (2008). 

[28] C. I. Blaga, J. Xu, A. D. DiChiara, E. Sistrunk, K. Zhang, P. Agostini, T. Miller, L. 

F. DiMauro, and C. D. Lin, Nature 483, 194 (2012). 

[29] F. Krausz and M. Ivanov, Rev. Mod. Phys. 81, 163 (2009). 

[30] B. Wallbank, J. K. Holmes, and A. Weingartshofer, J. Phys. B 20, 6121 (1987). 

[31] A. Jablonski, F. Salvat, and C. J. Powell, NIST Electron Elastic-Scattering 

Cross-Section Database - Version 3.2, National Institute of Standards and 

Technology, Gaithersburg, MD (2010). 

[32] N. L. Manakov, A. F. Starace, A. V. Flegel, and M. V. Frolov, JETP Lett. 76, 258 

(2002). 

[33] A. Čerkić and D. B. Milošević, Phys. Rev. A 70, 053402 (2004). 

[34] A. V. Flegel, M. V. Frolov, N. L. Manakov, and A. N. Zheltukhin, J. Phys. B 42, 

241002 (2009). 

[35] E. L. Beilin and B. A. Zon, J. Phys. B 16, L159 (1983). 

[36] F. W. Byron Jr. and C. J. Joachain, J. Phys. B 17, L295 (1984). 

  



43 

 

Acknowledgments 

I would like to thank my supervisor, Prof. Kaoru Yamanouchi for his guidance and 

encouragement.  I would also like to thank my secondary supervisor, Prof. Satoshi 

Yamamoto for his kind support.  I would also like to thank Associate Prof. Reika 

Kanya and Dr. Yuya Morimoto, who are the leaders of the LAES project.  I learned a 

lot of theories and experimental skills from them.   

In the numerical simulation of the LAES signals, I received advices from Dr. 

Yuichi Ichikawa.  I also have learned scientific knowledges from Dr. Takao Yamazaki, 

Mr. Takashi Hiroi, and Mr. Shinichi Fukahori.  I would also like to thank Mr. Motoki 

Ishikawa, who has constructed the second-generation apparatus with me.   

I am grateful for being able to participate in the pioneering project in a blessed 

environment.  I would like to express my gratitude to the members of Yamanouchi 

Laboratory.   


