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C.C. CHIRILĂ,1 C.J. JOACHAIN,2 N.J. KYLSTRA,1,2 and R.M. POTVLIEGE1

1Department of Physics, University of Durham, Durham, UK
2Physique Théorique, Université Libre de Bruxelles, Belgium

~Received 1 November 2003;Accepted 2 January 2004!

Abstract

At high laser intensities, three step recollision processes such as high order harmonic generation and high-order ATI, are
normally severely suppressed due to the magnetic field component of the laser pulse. However, if the laser pulse and
relativistic ion beam are directed against each other, a significant increase in the frequency and the intensity of the pulse
in the rest frame of the ions can occur. By performing calculations based on a Coulomb-corrected nondipole strong field
approximation, we have shown that there is a range of intensities, Lorentz factors, and ion charges for which the
suppression of the three step recollision processes is not severe, even for ponderomotive energies exceeding 10 keV. As
an example, we consider parameters relevant to the accelerator that will be built at GSI-Darmstadt, capable of
accelerating multicharged ions to Lorentz factors reaching 30.
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This work is motivated by the forthcoming development
of a new accelerator complex at Gesellschaft für
Schwerionenforschung~GSI! ~Darmstadt, Germany! which
will be capable of accelerating relatively dense bunches of
positive ions, in arbitrary charge states, to Lorentz factors up
to about 30. It will be possible to irradiate the ions with
superintense laser pulses produced by the Petawatt High
Energy Laser for Heavy Ion Experiments~PHELIX! source,
which is currently developed on the same site. This source
has a working wavelength of 1053.7 nm and a peak intensity
well above 1021 W0cm2. We suppose here that the laser
beam is oriented so as to counterpropagate with respect to
the ions beam, which will be feasible at GSI. In their own
frame of reference, the ions would then be exposed to a laser
field with a wavelength much reduced by the Doppler effect.
Our long term interest in the present work is the efficacy, in
these conditions, of high order above-threshold ionization
and recollisional multiple ionization. For simplicity, we
examine here the case of high order harmonic generation.At
the single-ion level, this process is similar to the other two in
arising from the same mechanism: the active electron is
detached from the core through tunneling ionization, then
propagates in the continuum like a free electron accelerated

by the electromagnetic field, and finally interacts with the
core as it comes back to its vicinity. At this point, the
electron may recombine radiatively, which leads to the
emission of an energetic photon, or are simply scattered,
which leads to high order above-threshold ionization, or
collide inelastically, which leads to nonsequential multiple
ionization. As is well-known, these three-step processes are
inhibited at high intensity by the Lorentz force exerted by
the magnetic field component of the laser pulse, which tend
to push the electron in the direction of propagation of the
pulse, away from the core~Dammaschet al., 2001; Kylstra
et al., 2001; Miloševic´ et al., 2001!. The suppression is
particularly severe for electrons coming back to the core
with a high velocity. However, as we argue here, the com-
bination of high intensities and high frequencies that can be
achieved at GSI makes it possible to attenuate this effect.

Our calculations are carried out in the frame of the ion
using the non-relativistic, non-dipole strong field approxi-
mation ~SFA! ~Kylstra et al., 2001; Chirilăet al., 2002!.
Within this approach, the instantaneous dipole moment of
the ion irradiated by the field can be expressed as

d~t ! . 22 Im(
td

arec
* ~t, td!apr~t, td!aion~t, td!. ~1!

The sum runs over detachment times,td, for which the
detached electron comes back at the core at timet. The

Address correspondence and reprint requests to: R. M. Potvliege, Uni-
versity of Durham, Department of Physics, Durham DH1 3LE, United
Kingdom. E-mail: r.m.potvliege@durham.ac.uk

Laser and Particle Beams~2004!, 22, 203–206. Printed in the USA.
Copyright © 2004 Cambridge University Press 0263-0346004 $16.00
DOI: 10.10170S0263034604223023

203

https://doi.org/10.1017/S0263034604223023 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034604223023


ionization amplitudeaion~t, td!, the propagation amplitude
apr~t, td! and the recombination amplitudearec

* ~t, td! are
obtained as described by Chirila˘ et al., ~2002! and Ivanov
et al. ~1996!, with depletion of the initial state neglected.
However, in the present work, we correct the strong field
approximation for the Coulomb potential of the core. Namely,
we assume that the electron interacts with the core through a
pure Coulomb potential,2Z0r. ~Atomic units are assumed
throughout this paper, unless specified otherwise.Z5~2Ip!102,
whereIp is the ionization potential of the initial state.! The
ionization amplitude is calculated using the Coulomb cor-
rection proposed some time ago by Krainov~1997!, and the
recombination amplitude by making the impulse approxi-
mation~Milošević& Ehlotzky, 1998; Garlandet al., 2002!.
The Coulomb interaction is taken into account in different
ways in the ionization amplitude and the recombination
amplitude because of the physical difference between the
corresponding steps: at the ionization stage, the electron is
detached with essentially zero velocity by tunneling through
the potential barrier, while at the recombination stage it
moves at high velocity. We have tested this procedure by
comparing the Coulomb-corrected SFA spectrum of pho-
tons emitted by an He1 ion with the result of an exact
integration of the time-dependent Schrödinger equation
~Worthington & Potvliege, 2002!. Illustrative results are
presented in Figure 1. The quantity represented is the squared
modulus of the Fourier transform of the dipole acceleration

~the second order derivative of the dipole moment with
respect to time! for a two-cycle Ti:Sapphire pulse of angular
frequencyv50.057 a.u., plotted versus the harmonic order,
V0v, where V is the angular frequency of the emitted
photon. The plateau structure that is seen can be readily
understood by analyzing the classical trajectories of the
detached electrons~Potvliegeet al., 2000; Chirilăet al.,
2002!. The Coulomb correction significantly improves the
agreement of the SFA results with the exact ones, bringing
the two together to within a factor of 2.

An ion moving with speedvcollinearly against a laser pulse
of angular frequencyv, electric field amplitudeF and mag-
netic field amplitudeB is effectively submitted to a laser pulse
of angular frequencyvion, electric field amplitudeFion and
magnetic field amplitudeBion given by the relations

vion 5 gv~11 v0c!,

Fion 5 gF~11 v0c!,

Bion 5 gB~11 v0c!. ~2!

Hereg 5 ~12 v20c2!2102 is the Lorentz factor andc denotes
the speed of light. The vector potential amplitudeA5F0v is
a Lorentz invariant, and so are the ponderomotive energy
Up 5 F 20~4v2! and the Keldysh parametergK 5 vZ0F.
Since the magnitude of the velocity of the detached electron

Fig. 1. The magnitude squared of the Fourier transform of the dipole acceleration, in atomic units, as a function of the energy of the
emitted photon~in units of the laser frequency! for a He1 ion exposed to 2-cycle Ti:Sapphire laser pulse of 800 nm wavelength and
1 3 1016 W0cm22 peak intensity. The vector potential envelope is a sin2 function. Left panel: comparison between the spectrum
obtained by solving the time-dependent Schrödinger equation numerically~1! and the predictions of the strong field approximation~2!.
Right panel: spectrum obtained within our Coulomb corrected SFA.

204 C.C. Chirilă et al.
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with respect to the parent ion in three-step processes is
proportional toUp

102, it is the same whether the ion moves or
not. However, if the ion moves at a relativistic velocity
~v' c!, the frequency is Doppler-boosted by almost a factor
2g compared to an ion at rest, and the intensity by almost a
factor 4g2.

In order to quantify how the relativistic Doppler boost
affects recollisional processes, we compare photon emis-
sion by two ions exposed to the same field, one still, the
other moving relativistically. The laser pulse is modeled as a
stationary electromagnetic field whose intensity and wave-
length in the laboratory frame areIL 5 1017 W cm22 and
lL 5 1053.7 nm. This intensity is high enough for the
magnetic-field induced suppression of recollision to be poten-
tially significant, but not so high as to invalidate our non-
relativistic SFA~Chirilă et al., 2002!. The ponderomotive
energy,Up, is 10.4 keV, and the maximum energy of photons
emitted by the ion is given by approximatelyIp 1 3Up. The
first ion is the sodium-like Ar71 ion ~Z 5 3.247, Ip 5
143 eV!, which we assume to be at rest in the lab frame
~g 5 1!. For the laser parameters chosen here, this ion
suffers an ionization loss of about 2.2% per optical cycle.
The laser intensity is thus slightly below saturation. The
corresponding Keldysh parameter isgK 5 0.08. The second
ion is the hydrogen-like Ne91 ion ~Z 5 10, Ip 5 1.36 keV!,
assumed to move in the lab frame with a Lorentz factorg 5
15. The ionization loss per cycle, in this case, is about 1.0%.

~This species was chosen because atg 515 it ionizes in the
field at about the same rate asAr71 atg51, which facilitates
comparison.! The Keldysh parameter is 0.26, sufficiently
small that the SFA can still be expected to be adequate.
Owing to the Doppler boost in intensity, the Ar71 ion would
be promptly ionized if moving atg 5 15 against the laser
pulse. Indeed, in the ion’s frame of reference, the intensity is
almost 93 1019 W cm22 wheng 5 15.

The corresponding harmonic generation spectra are pre-
sented in Figure 2. Two sets of results are shown for each
ion, namely the results obtained within the dipole approxi-
mation~within which the effect of the magnetic field com-
ponent of the laser field is neglected!, and the results obtained
with the magnetic field taken into account within our non-
dipole SFA. In the case of Ar71, the magnetic field reduces
the intensity of emission by about three orders of magnitude
in the high energy part of the spectrum. This dramatic
reduction, and the bending of the plateau, disappearance of
intermediate cutoffs and of the oscillations marking the
dipole spectrum, are well known non-dipole effects and are
readily explained within the semi-classical model~Milošević
et al., 2001; Chirilăet al., 2002!. The difference between
dipole and non-dipole spectra is much less for Ne91. In
particular, despite the higher intensity, there is no signifi-
cant decrease in the efficiency of the harmonic emission as
compared to the dipole calculation. Striking is the much
larger intensity of emission for Ne91.

Fig. 2. The magnitude squared of the Fourier transform of the dipole acceleration over one cycle, in atomic units, as a function of
photon energy for~1! Ne91 ~at g 5 15! and~2! Ar 71 ~ions at rest!, as obtained within the Coulomb-corrected SFA. For each ion, the
upper curve shows the results obtained within the dipole approximation and the lower curve the results obtained without making this
approximation. The laser field is stationary and linearly polarized. The intensity is 131017 W0cm22 and the wavelength is 1053.7 nm.
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The higher emission efficiency of Ne91 has a double
origin: It is due both to the larger recombination amplitude,
which is proportional toZ502, and to the lesser spreading of
the electronic wave packet between the time of detachment
and the time of recombination.~In the frame of reference of
the ion, the difference between these two times is smaller by
a factor 30 forg 515.! We expect that the adverse effect of
wave packet spreading on the efficiency of high-order
above2threshold ionization~ATI ! and non-sequential dou-
ble ionization would be similarly reduced by going to rela-
tivistic velocities.

The relative weakness of the non-dipole effects in the
case of Ne91 originates from the dependence of the ioniza-
tion amplitudeaion~t, td! on the magnetic field and on the
ionization potential of the initial state. The largest part of the
difference between the value ofaion~t, td! in the dipole
approximation and its non-dipole value can be traced to an
exponential factor this amplitude is proportional to. In the
frame of reference of the ion one has, more precisely~Chirilă
et al., 2002; Walseret al., 2000!,

6aion~t, td!62 @ w~v5 ! 5 expF2
2

3

~2Ip 1 v52!302

6E~td!6 G, ~3!

whereE~td! is the electric field at the time of detachment
andv5 is the velocity in the laser propagation direction an
electron must have at timetd to return to the core at timet. In
the dipole approximation,v55 0. However, withA denoting
the vector potential,

v5 5 2
1

2c~t 2 td!
E

td

t

dt ' 6A ~t ' ! 2 A ~td!62, ~4!

when allowance is made for the acceleration in the propa-
gation direction due to the magnetic field. For the above
laser parameters,v5' 2 a.u. for electrons returning with the
highest possible kinetic energy~3.17Up!. This value is the
same for the two ions—it is independent ofIp and does not
vary with the Lorentz factor. TakingE~td! equal to the
electric field amplitude, we getw~v55 0! 5 1.43 1026 for
Ar 71 atg51 andw~v550!51.931026 for Ne91 atg515:
in the dipole approximation, the probability for the active
electron to be ionized and to return to the core at high
velocity is similar for the two ions. However,w~v55 2! 5
3.1310210 for Ar 71 atg 51 whilew~v55 2! 5 8.731027

for Ne91 at g 5 15: while the return probability is reduced
for both ions once the laser’s magnetic field is taken into
account, it is much more reduced for Ar71 than for Ne91.
This is simply due to the fact that adding a non-zerov52 to 2Ip

is a smaller change in the argument of the exponential in the
case of Ne91, because of the larger ionization potential of
this ion and the larger electric field atg 5 15. A possible
physical explanation of the lesser sensitivity of Ne91 to
non-dipole effects is that the initial state has a wider momen-
tum distribution, which makes it less unlikely that the elec-

tron is ejected with the required velocity along the laser’s
propagation direction.

We note, to conclude, that the smaller importance of the
non-dipole effects at large Lorentz factors illustrated here
for high-order harmonic generation can also be expected for
other high-order ATI or nonsequential double ionization, as
it originates from the ionization stage of the process and this
stage is virtually identical for all three-step processes. We
stress that this smaller importance isnota relativistic effect
per se. The speed of the ions intervenes only through the
Doppler effect, which makes it possible to detach electrons
from highly charged ions without imposing a large magnetic
drift to these electrons. Clearly, identical results would be
obtained by irradiating ions at rest with a laser field of
sufficiently high intensity and~which would be problematic
in practice! sufficiently high frequency. The photon emis-
sion spectra of relativistic ions in the laboratory frame will
be presented elsewhere.
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