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Recollisions, bremsstrahlung, and attosecond pulses from intense laser fields
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We investigate quantum-mechanical effects in the recollision picture of high-harmonic generation, relate
these to its classical counterpart, and discuss the generation of attosecond pulses from recollision bremsstrah-
lung. [S1050-294{@6)50405-1

PACS numbdss): 32.80 Rm, 42.65 Ky

Over the last two decades the interaction of atoms withmechanical effects in the recollision picture of HHG. We
intense laser light has been a rich area of research with marfirst construct a simple model, and compare its predictions
interesting and important discoveries. One of these majowith those from both classical and quantum-mechanical
findings has been high-harmonic generatiettHG); in this ~ wave-packet treatments. In our approach, the ultrashort time
process the strongly driven atomic system reradiates enerdgale of the radiation emerges from a single encounter of the
at odd multiplesiowing to the symmetry of the processf ~ Wave packet with the core; such an encounter generates a
the driving frequency. Using HHG it has been possible toProad spectrum with no harmonic substructure. Other ap-
generate very-short-wavelength light] with excellent co- Eroaches_[?] have”centered on the utilization of the whole
herence propertigsvhich is a consequence of the generation’ "armonic comb.” . . L .
process This has attracted a great deal of interest because of The recollision picture is quasiclassical in that the ioniza-

; o - . fion process is purely quantum mechanigahneling ioniza-
the many possible applications of such light; for example, "Mtion FB])' howevper oxrllge ionized the elegtron Wa\ge packet is
atom lithography or imaging of biological samplgs; one ’ !

current aoal is to provide a sufficiently intense source 0ftreated as a free electron in a laser field. Harmonics are then
these phgotons P y generated by a sequence of single collisions of these electron

wave packets formed by the tunneling process near the peaks

All HHG spectra show the same generic behavior: there ig¢ e incident laser electric field. One has for the complete
a sharp fall from the driving frequency to a plateau, followedg|ectron acceleration

by a cutoff. The position of the cutoff has received much
attention as it essentially determines the maximum frequency
that can be emitted. A quasiclassical approach involving tun- a(t)=|21 ay(t), 2

nel ionization, ponderomotive acceleration, and recollision -

of the electronic wave packet with the parent ionic corewhere 2N is the total number of collisions during an
proposed by Kulandegt al.[3] and by Corkun{4] predicts  N-cycle laser pulse. The individual component accelerations

2N

the cutoff energy to be a,(t) over half a cycle and including one recollision are as-
sumed to be identical, but with different phases due to the
E.=1,+3.11U,, (1) different birth times of the wave packets, i.e.,

a(t)=ag(t)e'"™, for t,_;<t<t,, and zero otherwise. The
wherel , is the ionization potential of the atom att}, the  Ith collision occurs between the timés ; andt,, where
ponderomotive energy of the electron in the incident field. It =IT/2 and T is the laser period. The Fourier amplitude
was specifically found that this empirical law was indepen-from the initial timet, to the final timet; is then

dent of the form of the potential and so was only really . 2N

1 H —_~ f . . .
dependent on the form of the figlcecently it has been foynd a(w)=f dt e.wta(t)Zz eiol-16 TF (). 3)
that by adding a second commensurate frequency it is pos- to =1

sible to extend the cutoff energy to beyond that defined in - . ) _ )
Eq. (1) [5]]. This classical recollision picture has since been 1€r€:@s(w) is the Fourier amplitude of the acceleration dur-
extended to a fully quantum-mechanical treatment of thdnd @ single collision event,

electron motion in the laser field; according to this treatment TR _

the harmonics are emitted at every recollisjéh However, ag(w)= f dr e'“"ag(7), (4
since the time scale for a “single” recollision is only a frac- 0

cal model in which the radiation that is emitted during each S(w)=|a(w)|?=2N|ag(w)|?

tion of the fundamental laser period, problems arise with thg ¢ it is the strength of the bremsstrahlung radiafighat
onset of coherence in the emission of radiation. frequencyw. Then the spectrum is
recollision (on an attosecond time scalis simply brems- . N
strahlung with an appropriate cutoff. The harmonics emerge w

; X{ 14+ — —+ —
from the broad bremsstrahlung spectrum through the inter- 1 n,;zl co o L(n=mm] e,
ference in time of all the single encounters within the inci- n<m

In this Rapid Communication we formulate a mathemati-
dent pulse duration. We investigate the role of quantum- 5)
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FIG. 1. Dipole acceleration of a single electroh) (with the corresponding power spectrui®) (on a logarithmic scale fofa) one and
(b) four encounters with the nucleus. The electric field strength was 0.1 a.u., the angular frequency 0.038 a.u., and the electron was initially
placed 70 a.u. away from the nucleus with zero velocity. Note that for all the power spectra the fundamental frequency directly from the laser
field has been removed. a.u. stands for atomic units.

wherew =27/T is the frequency of the incident laser. For  To model a wave packet truly, an ensemble of these indi-
odd harmonics,w/w =2s+1, where s=0,1,2,..., one vidual classical electron trajectories must be considered and
finds maximaS[(2s+ 1)w, ]~N?ag(w)|?, while for even the results averagefd0]. This approach is able to model
harmonics the sum in E(5) tends to zero for largeN, wave-packet spreading, but is, of course, unable to simulate
yielding S(2sw, ) ~N|a@g(w)|?. This would mean that as the quantum-mechanical interference effects. We have calcu-
number of collisions increases then the spectrum would bdated the classical HHG spectrum foE=0.1 a.u.,
come better defined. ®0=0.038 a.u. and an initial Gaussian wave packet simulated
Next we show how the above intuitive picture is verified by an ensemble in phase space centered at 70 a.u. away from
by both classical and quantum simulations of the laser-atorthe core in the spatial direction with width 10 a.u., with zero
interaction in the tunneling regime. An interesting way of momentum and width 0.1 a.u. in momentum space. The field
obtaining an insight into the dynamics of the recollision pic-is phased such that it initially accelerates the electron to-
ture is to eliminate the ionization process and start with avards the core with maximal strength. This produces a spec-
wave packet initially at some distance away from ta¥e  trum with an exponential decrease in harmonic strength up to
atomic core. We then follow this system under the influencehe 20th order, followed by a plateau that has a cutoff at
of a monochromatic laser field. We first investigate this byl ,+2U, (the 91st harmonjc However, the cutoff is far less
using a simple classical one-electron system and calculatingronounced than in the quantum-mechanical calculations
its dipole acceleration and then its spectrum. In Fig. 1 wehat follow.
consider the dynamics of a single classical electron that is To study the importance of quantum-mechanical interfer-
initially displaced some distance away from the atomic coreence, we have chosen to integrate the one-dimensional
with zero velocity and we calculate the spectrum after 1 andSchralinger equation using a well-known method based on
4 collisions. Clearly, a® increases then the HHG spectrum the unitary transformation into the Kramers-Henneberger
becomes sharper and more defined, as would be expecté@me, and the smoothing of the Coulomb potenfill].
from our previous calculation. The spectrumMfcollisions  Assuming the same parameters as for the classical case and
by N differentelectronic wave packets produced by periodicthe same initial conditions, we find an interesting wave-
tunneling events is equivalent to one electron wave packgiacket evolution as a function of tin{€ig. 2). As expected,
recolliding N times. This is a subtle fact that is often over- the wave packet spreads and encounters the core; however,
looked and can lead to misinterpretion of results. A singlefor the first few encounters the quantum-mechanical interfer-
encounter generates a bremsstrahlung supercontinuum withemce is not very large and these collisions are ‘“classical-
broad width and an associated ultrashort temporal duratiolike.” However, once the wave packet has spread enough,
(the electronic recollision time with the cgreThe brems- the core interaction leads to the wave packet acquiring sharp,
strahlung cuts off at a frequency given by the maximumfine-structured features. The underlying physics of the addi-
quiver energy9]. tional structures can be understood as arising from the inter-
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to the wave-packet spreading. If one takes a windowed Fou-
rier transform of the first collision and the associated power
spectrum, one sees just a bremsstrahlung supercontinuum
spectrun|Fig. 3@]. After the second and third collisions we
see the beginnings of harmonic struct[ffeg. 3(b)], but only
for the low-order harmonicégain the wave packet spread-
ing is the cause for this classical bremsstrahlung mechanism
being inefficient. Only when the fast frequency components
of the dipole acceleration are included do we begin to see
anything resembling a true harmonic spectiiffiy. 3(c)]. If
we take the spectrum of the whole dipole acceleration, this
now has all the features associated with normal harmonic
generation Fig. 3(d)]. It is possible to observe, in the pro-
gression from Fig. @) to Fig. 3d), how the overall effi-
ciency is enhanced, producing a vetgar cutoff around the
expected harmonic order.

It would seem that to obtain a “good” harmonic spec-

FIG. 2. Quantum-mechanical evolution of the wave packet fortrum it is important to have these fast oscillations in the
the same parameters as for Fig. 1, but taken over four full cycles oflipole acceleration. The question is, how do they occur? The
the incident laser field. The first snapshot is the initial wave packegnswer lies in the wave-packet evolutioRig. 2) and the

of width 10 a.u., and consequent snapshots are taken every quarigjrm of the dipole acceleration operafdr2],
of a cycle.
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ferences between those parts of the wave packet that are IX

reflectedby the core and those parts that are still incoming.
This is a purely quantum-mechanical effect and is missingvhere V(x) is the atomic potential ands(x,t) the wave
from the previous classical treatment. Its implications arefunction. A highly structured spatial wave packet generates
quite important and will be discussed in what follows. via Eq. (6) high temporal frequenciell3] in the radiated

In order to demonstrate the importance of quantumdield. Therefore, any wave packet with many features will
mechanical interference, we show in Fig. 3 the calculateghroduce an acceleration that has fast oscillations and, conse-
dipole acceleration. It is easy to see that the first three colliquently, efficient harmonic generation. These spatial features
sions resemble quite closely those of the single-electron traanly occur when the previously mentioned interference be-
jectory of Fig. 1, with, however, a fast amplitude decay duetween incoming and outgoing parts of the wave packet takes
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place. This idea can be corroborated by observing that thenit of time is 24 attosecon@isNarrow wave packets take
fast oscillations in the dipole acceleration appear at the samsubstantially less time to traverse the core and if constructed
time as the spatial features in the wave packet. If it werdn an appropriate way can produce emission over an ex-
possible to control this interference it would provide a verytremely short time scale. Thereforaly sufficiently narrow
powerful way of controlling the harmonic spectrum. wave packets can yield attosecond pulses. We address in a
A further possibility is to engineer a single encourlies-  |ater paper the question of phase matching of this supercon-
ing time-dependent ellipticity of the superintense lig#l),  tinuum in a true macroscopic source.
which leads .to_a broadband bremsstrahlung superconti_ngum In summary, we have demonstrated that classical dynam-
generated within the attosecond time scale of the recollisiong assqciated with the free-electron recollision picture is ca-
We have shown that a single encounter certainly generates g 1 ¢ reproducing many aspects in the harmonic spec-

bremsstrahlung continuum, but with a spectral envelope th }um. It reproduces the increased clarity of the harmonics

is not precisely that of the HHG comb of frequencies. Mul? with a rising number of recollisions and simulates the wave-

2 sin Ig enco[l)mter has gof necessity. the a.ttosecond i \ccount the quantum interferences within the wave packet.
9 X Y, ese interferences are quite important for the very high har-

o e, ool Choic, s we hve poined o, an lsd o Sinican .
A R YIS g Y N&erences between the classical and guantum results.
square of the acceleration in E®), is directly related to the

time length of the single electron-core encounter. The brevity This work was supported in part by the UK Engineering
of the emission process can be read off directly from the timend Physical Sciences Research Council and the European
dependence of the acceleration shown in Figof3e atomic  Union.

[1] 3.3. Macklin, J.D. Kmetec, and C.L. Gordon 1ll, Phys. Rev. P.B. Corkum, Phys. Rev. A9, 2117(1994; see also D. Ri-
Lett. 70, 766 (1993; A. L'Huillier and Ph. Balcou,ibid. 70, chards(unpublished
774 (1993; J.K. Crane, H. Nguyen, and M.D. Pertynpub- [7] M. Ivanov, P.B. Corkum, T. Zuo, and A.D. Bandrauk, Phys.
lished; S.G. Preston, A. Sanpera, M. Zepf, W.J. Blyth, C.G. Rev. Lett.74, 2933(1995; S.E. Harris, J.J. Macklin, and T.W.

Smith, J.S. Wark, M.H. Key, K. Burnett, M. Nakai, D. Neely, Hansch, Opt. Commuril0q, 487 (1993.
mire, M.H.R. Hutchinson, M.H. Key, C.S. Lewis, A. JETP 20, 1307 (1965]; M.V. Ammosov, N.B. Delone, and

V.P. Krainov, ibid. 91, 2008(1989 [ibid. 64, 1191(1986].
[9] R.V. Karapetyan and M.V. Fedorov, Zhk&p. Teor. Fiz.75,
816 (1978 [Sov. Phys. JETRS8, 412 (1978]; D.G. Lappas,
M.V. Fedorov, and J.H. Eberly, Phys. Rev4X, 1327(1993.
[10] R. Abrines and I.C. Percival, Proc. Phys. S88, 861 (1966);
C.H. Keitel and P.L. Knight, Phys. Rev. Bl, 1420(1995,
and references therein.

MacPhee, I. Mercer, D. Neely, M.D. Perry, R.A. Smith, J.S.
Wark, and M. Zepfjbid. 51, R4337(1995.

[2] L.B. DaSilva, J.E. Trebes, R. Balhorn, S. Mrowka, E. Ander-
son, D.T. Attwood, T.W. Barbee, Jr., J. Brase, M. Corzett, J.
Gray, J.A. Koch, C. Lee, D. Kern, R.A. London, B.J.
McGowan, D.L. Mathews, and G. Stone, Scier%8 269

(1992. ) [11] J. Javanainen, J.H. Eberly, and Q. Su, Phys. Re88A3430

[3] K.C. Kulander, K.J. Schafer, and J.L. Krause Smper-Intense (1989: Q. Su and J.H. Eberlyipid. 44, 5997 (1991; V.C.
Laser-Atom Physicedited by B. Piraux, A. L’Huillier and K. Reed and K. Burnetibid. 42 3152(199'& '
Rzgzewski, Vol. 316 of NATO Advanced Study Institute, Se- [12] K. Burnett, V.C. Reed, J. Cooper, and P.L. Knight, Phys. Rev.
ries B: PhysicgPlenum Press, New York, 1993. 95. A 45, 3349(1992.

[4] P.B. Corkum, Phys. Rev. Letf1, 1994(1993. [13] M. Protopapas, P.L. Knight, and K. Burnett, Phys. Revi9\

[5] T. Zuo, A.D. Bandrauk, M. lvanov, and P.B. Corkum, Phys. 1945 (1994; M. Protopapas, S.C. Rae, P.L. Knight, and K.
Rev. A 51, 3391 (1995; M. Protopapas, A. Sanpera, P.L. Burnett, in Proceedings of the International Conference on
Knight, and K. Burnettjbid. 52, R2527(1995. Multiphoton Physics, Quebec 1993lited by D. K. Evans and

[6] M. Lewenstein, Ph. Balcou, M.Yu. Ivanov, A. L'Huillier, and S. L. Chin(World Scientfic, Singapore, 1984



