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Nondipole effects in photon emission by laser-driven ions
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The influence of the magnetic-field component of the incident pulse on the emission of photons by multiply
charged ions interacting with intense, near-infrared laser pulses is investigated theoretically using a strong-field
approximation that treats the coupling of the atom with the incident field beyond the dipole approximation. For
peak pulse intensities approaching1®/ cm™?2, the electron drift in the laser propagation direction due to the
magnetic-field component of the incident pulse strongly influences the photon emission spectra. In particular,
emission is reduced and the plateau structure of the spectra modified, as compared to the predictions in the
dipole approximation. Nondipole effects become more pronounced as the ionization potential of the ion
increases. Photon emission spectra are interpreted by analysing classical electron trajectories within the semi-
classical recollision model. It is shown that a second pulse can be used to compensate the magnetic-field
induced drift for selected trajectories so that, in a well-defined spectral region, a single attosecond pulse is
emitted by the ion.
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[. INTRODUCTION field is accurately described within the dipole approximation.
However, at much higher intensities the drift is no longer
Atoms and ions interacting with intense infrared lasernegligible and the dipole approximation ceases to be valid.
pulses emit high-order harmonics of the driving field in theMoreover, the electron’s dynamics becomes relativistic at
form of coherent attosecond pulsgk-6]. This process is very high intensities(At the Ti:sapphire wavelength, 800
readily understood in terms of the semiclassical recollisionnm, the ratio of the nonrelativistic ponderomotive energy of
or “Simpleman’s model,” whereby electrons are detachedthe electron to its rest energy exceeds unity for an intensity
from their parent atom or ion by quasistatic tunneling ioniza-of 8.5x 108 Wcm™2.)
tion, oscillate in the field, and return to the core where they Recent theoretical investigations of atomic stabilization in
radiatively recombing7-11]. A fully quantum version of the high-frequency stabilization reginh&4—18 and of pho-
this model has formed the basis of a vast number of theoreton emission by ions interacting with intense near-infrared
ical investigations of high-order-harmonic generat{d®— laser pulse§19-24 have established the existence of a
12], and has been used successfully to analyze experimeftiondipole nonrelativistic” dynamical regime, in which the
(see, e.g., Ref[13]). This theory relies on the strong-field effect of the magnetic-field component of the laser is too
approximation(SFA), which assumes that the interaction of large for the dipole approximation to be appropriate but not
the detached electron with the field is much stronger than itso large that a relativistic description is necessary. At the
interaction with the core so that the latter can be neglectedli:sapphire wavelength, the dipole approximation is ex-
In addition to explaining high-order-harmonic generation,pected to remain valid up to intensities of about $0*6—1
the model also forms the basis of our present understanding 10" Wcm™? (depending on the system, as will be seen
of other processes occurring in low-frequency laser fieldsbelow). Due to the magnetic drift, the probability that the
such as high-order above threshold ionizatidXTl) and  electron recombines with the core is non-negligible only if
recollision-induced multiple ionization. the electron is initially detached with a nonzero velocity in
Once detached, the electron is accelerated by both thie direction opposite to the propagation direction of the in-
electric-field and magnetic-field components of the incidentident beam. However, the detachment probability falls off
beam. The magnetic-field component tends to deflect the traapidly if this initial velocity departs from zer25,26]. The
jectory towards the direction of propagation of the beamconsequence is that the harmonic generation is weaker and
with the result that the electron never returns to the nucleus Waries differently as a function of the frequency of the emit-
detached with zero velocity. The drift in the propagation di-ted photon than would be the case in the absence of the
rection imparted by the Lorentz force is largely offset by theLorentz force.
width of the returning wave packet, and is therefore negli- The dipole approximation has been assumed in nearly all
gible at the intensities and wavelengths normally used inhe theoretical work to date on high-order-harmonic genera-
experiments on high-order-harmonic generatigypically  tion in low-frequency fields. Only a few fully quantum cal-
10*-10" Wcem™2 in the visible or near infrared In these  culations, all based on the strong-field approximation, have
conditions, the Lorentz force does not need to be taken intaddressed the role of the magnetic drift in this context. Ex-
account and the coupling of the electron with the incidentpressions for the dipole moment of an atom or ion in the
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nondipole nonrelativistic regime have been developed byyhere E(wt)=— (d/dt)A(wt) = — e(d/dt)A(wt) = eE(wt).

Walseret al [21] and, in another form, by ug22,27, and  Our work is based on the time-dependent $dimger equa-
applied to emission driven by ultrashort pulses. A relativistiction

formulation of harmonic generation in stationary fields,
based on the Klein-Gordon equation, has also been givenby 4 1 , 1. )
MiloSevic, Hu, and Beckef20,24). V()= 5[-1V+A(e) "+ (k-N[ iV
In the present paper, we give a detailed account of the
nondipole SFA sketched in Ref22] and relate it to the
theory of Walseet al. [21]. We also assess the importance of
the relativistic effects neglected in our approach by compar-
ing with results obtained by Mil@ic, Hu, and Beckef20].  which is exact up to order &/in the atom-field interaction.
We consider, in particular, the emission of photons by iso\We neglect the spin of the electron. The potentiét) de-
lated LP", Be€*", and N&" ions exposed to strong near- scribes the interaction of the electron with the ionic core.
infrared pulses. We do not study emission from neutrals, a¥here are two nondipole terms in the Hamiltonian: the first
only multicharged ions can withstand the intensities at whichone, inV - E(wt), gives rise to electric quadrupole and mag-
the magnetic drift becomes significant without ionizing im- netic dipole transitions. The second one,Afwt) - E(wt),
mediately. The importance of the nondipole effects is invescontributes to the drift in the propagation direction induced
tigated by comparing the nondipole nonrelativistic photonby the magnetic-field component of the incident beam and
emission spectra with dipole spectra for long puléepre-  has a large influence on the emission of photons by ions at
sented by stationary fiellss well as for few-cycle pulses. high laser intensities.
The numerical results are interpreted with the help of the At low frequencies, it is appropriate to transform the time-
recollision model, generalized to the nondipole case. The tradependent Schdinger equation to the length gauge, with the
jectories we consider are real and obey the classical equaesult
tions of motion. This approach complements the description

+A(wt)]-E(wt) +V(r) | W(r,t), (3

of the electron’s dynamics in terms of complex trajectories . d B 1_, i

discussed in Ref20]; the two approaches lead to essentially oW (r)=| -5V r—-(k-nNv

the same physical picture. Finally, we illustrate how a sec-

ond, weak laser pulse can be used to compensate for the

magnetic drift of the electron. In particular, we show that the -E(wt)+V(r))\If|_(r,t), )

recombination probability of selected electron trajectories
can be enhanced by several orders of magnitude in this wawhere ¥ (r,t) =exdiA(wt)-r]¥(r,t). By introducing the
thereby leading to photon emission in the form of a singleretarded Green'’s function associated with the Hamiltonian of
attosecond x-ray pulse. Unless otherwise indicated, atomiEq. (4), the wave functior" (r,t) can be obtained as the
units are used throughout the paper. solution of a time-dependent Lippmann-Schwinger equation.
In the SFA approach of Lewenstein and co-workfgrd 0],
this Green’s function is replaced by the Volkov Green’s func-
Il. THEORETICAL APPROACH tion associated with the Hamiltonian that describes a free
electron in the laser fields{,”)(r,t;r’,t’). To account for the
magnetic-field component of the laser pulse at high intensi-
We assume that the vector potential describing the lasefes, we employ the nondipole Volkov Green’s function dis-

A. Nondipole nonrelativistic approximation

field can be written as cussed in the Appendix. Neglecting continuum-continuum
- _ transitiong 28], the dipole moment of the atom then reduces
A(n)=e(&lw)f(m)sin(n), D 1o
! *
with 7=w(t—k-r/c). The field has a carrier wavelength d(t)zj_wdt J drdr’ ¢ (r,1)
=2mclw, field strengthg, is linearly polarized with polar-
ization vectore, and propagates in the directién The func- X(=0)GL(r, G ) Hi(t) dho(r' 1) +c.c.
tion f(#) describes the temporal profile of the pul$éz) (5)

=1 for a stationary field.

The influence of the magnetic-field component of the la-The atom or ion is initially in its ground state and is de-
ser on the electron dynamics can be accounted for in thgcribed by the wave functiog(r,t) = ¢o(r)expll o), I, be-
long-wavelength and nonrelativistic regime considered hergng the ionization potential of the state,(t’) is the atom-
by expanding the vector potential to first order it.1As-  field interaction Hamiltonian
suming the atom to be initially located at the origin leads to

Him(t'):{r—'E(R-r)vyE(wt'). (6)

1.
Alm)=Alwt)+ E(k' NE(w), @ Equation(5) can also be written in the form
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, integrated by parts. Sindé;,(t' =0)=0, the boundary term

d(t)= 2ImJ dt fdpd ed 7(P,1)] att’=0 is zero while the boundary term &t=t can be
ignored; it corresponds to the process whereby the electron

xXexg —iS(p,t,t") ]dign[ =(p,t’),t"], (7)  both ionizes and recombines at timéNext, the integral over

p is approximated using the saddle-point method, with the
where result

5/4
p)

1
p-A(wt)+ SAHwh) |k, (8) d(t)~ 2|m—f dt’' C(ndi m(ps,t)]

a(p,t)= p+A(wt)+ !

1t -1
n— — " 1”12 Y
L)< 5 [ LA t), O X exp —iS(ps L.t )][ S(ps Lt )] e
drec(Q)Z(ZTF)*?’/ZJ dre”'9"(=r)¢o(r), (100  The saddle momentupy depends ohandt’ and is obtained
by solving
and
VpS(p,t,t’)|p:pS=o. (15
) — —3/2 —ig-ry.
d|on(Qat) (27) fdre Hind(1) do(r). (11 The factor
The spectrum of the emitted photons is then obtained by 1 -12
calculating|e- a(Q2)|?, for emission polarized parallel to the C(n=2m* (e+i7)% 1- (e p)? ) , (16)
polarization direction of the incident pulse, ahij a(Q)|?, ¢

for emission polarized along the direction of propagation of

the incident pulse. In these expressicfisdenotes the angu- With 7=t—t" ands a small positive parameter, can be un-
lar frequency of the emitted photon amd()) the Fourier derstood physically as arising from wave-packet spreading.

- . . o : The integral overt’ in Eq. (14) is straightforward to
g?cjnesrfgrlgne;fﬁtg)ih-[r?ee él?;gg/a%;oi?me;:ﬁjcr?\;ere r;ag)rtrgicr)‘rgg byevaluate numerically. However, the integration must be re-
setting 16=0. The SFA is readily modified to include the peated for each value df due to the dependence of the

depletion of the ground staf@, 10]; however we can neglect integrand ont. The total computational effort required for
P 9 9 calculatlng the temporal variation of the dipole moment thus
depletion for the laser parameters and atomic systems cor)

sidered here. increases as the square of the laser-pulse duration. For this
reason, and because of the rapid oscillations of the exponen-
tial term, it is advantageous to calculate the integral using the
saddle-point method. The saddle timgsare complex and
The quasiclassical actio8(p,t,t') is a rapidly varying are determined by the equation
function of p, t, andt’, and therefore the required integra-

B. Saddle-point integration

tions in Eq.(7) can be carried out using the saddle-point 9 )
method. We proceed by first using the relation - Es(ps,t,t')hr:tf[ﬂ (Ps,t")/2+1p]]1 = =0.
dfodr (17)
dion[ 7(p,t"),t"]=—i ., 3/26 e Po(r) . . . . .
dt (2m) Expanding the denominator in E¢L4) in a Taylor series,
4 retaining only the linear term, and noting that the integrand
i / has a first-order pole at the saddle tin{@®], the dipole
! dt,d)[ﬂ(p,t ] (12 moment is found to be
where (81)%"
d(t)=— 2Re—2 Ct—todid m(ps,t)]
5/4 8
Htpt))= -
a(p,t')]= -1
87 [#(pt)/2+1,)? J
[ (p.t)/2+ 1] X eXfT —iS(pe,t,to)]| A(Pet’) ——(pa,t’)
(8|p)5/4 J -2 at tr—t,
= - —S(p,t,t’ 13
8| = SPLL) (13 18

is the Fourier transform of the ground-state wave function ofn all the cases considered, we have found that the spectra
the ion. We have assumed thé&fr) is a Coulomb potential calculated using Eq(18) are in very good agreement with
with effective nuclear charge (@1’2. Equation(7) is then  those obtained by carrying out the integration ot/ein Eq.
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(14) numerically. Typically, they differ by less than a factor

of 2, and the agreement improves as the laser intensity in-

creases.

The saddle time can also be obtained using a semianalyt{—
cal approach, similar to that described by Ivanov, Brabec

and Burnett[30] for calculations in the dipole approxima-
tion. In this approach, the saddle time is expresseti-as,
+A, with ty determined by solving

7e(Ps,ta) = € 7(Ps,ta) =0 (19
Equation(17) is then expanded in powers qf,
J
- ?S(ps,t,t’)h,:ts=so+slA+%52A2+O(A3).
(20)

In terms of the component ofr(ps,ty) in the propagation
direction,

(P te) = K- 77(ps, tg)

t
=~ aeti=ty ) AUIA) —Alet)]®, (2D

d

the first coefficient is

So=lp+ 3 T(Ps.ta). (22)
Analytical expressions fas; ands, are lengthy, and in prac-
tice can be obtained numerically. Setting EB0) equal to
zero and solving foA, the dipole momentl8) is evaluated
using

S(pstitd)=S(Ps,t,tg) —SoA — 351A2—3s,A% (23

and

14
m(Pst’)- E"T(p&t/) =s,1As,. (29)

t=tg

We have verified that this approach yields results that are fof
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t
J dt[A(wt") — A(wty)]=0, (27)

tq

hereby givingty in the dipole approximation. The coeffi-
tientss; ands,, to order 1¢2, are then found to be

2
Ti(Ps.ta)
Sl—W, (28)
5 1 3s;
S,=E“(wty)| 1+ E’ITk(ps,td) +q. (29

Note that all of the nondipole corrections to the expansion

coefficientss; are of order 1¢?. Hence, consistent with the

action being correct to ordercf, we set
$,=0, s,=E?(wty). (30)

The resulting dipole moment can be expressefas3(

d(t)z—ZImtE atdtt)an(ttdaon(t,ty, (31
d

with the ionization, propagation, and recombination ampli-
tudes, respectively, given by

e (8|p)5/4 F{_l<8sg)l/2} -
a-ion( ’ d)_8(28052)1/2 ex 3 s, ) ( )
apr(tvtd):C(t_tS) exq_is(pS!tltd)]! (33)
a:ec(tvtd):drec[ﬁ(ps:t)]- (34)

We have evaluated the accuracy of the form@a by cal-

culating| e a(Q)|? and comparing with the results obtained
using exact numerical complex saddle timgsn Eq. (18),

for the laser parameters and ions considered in Sec. Ill. The
approximation given by Eq31) works extremely well: the

all practical purposes identical to those derived using Eqszipaegcrt;?nscannot be distinguished on the scales used in the

(17) and (18).

The calculations can be simplified even further by ne-

glecting terms of order & and higher in the saddle momen-
tum. In this approximation

a?(t,t") ay(tt)
(t—t")2 2(t—t")

Ps

- al(t,t’)A+g[
c

= 112, (25)
t—t’

where

t
an(t,t’)=J dt”A"(t"). (26)
t/
This means thatr(ps,ty) and S(ps.t,ty), respectively, will

be correct to order &/and 1£2. Using Eq.(25), Eq. (19)
reduces to

The expression od(t) given by Walsert al.[21] is ob-
tained by ignoring the nondipole corrections in the preexpo-
nential factor in the ionization amplitud82) and the recom-
bination amplitude (34) [31]. These additional
approximations have no significant effect on the emission
spectra for photons polarized along the laser polarization di-
rection. Setting =0 in all three amplitudes in Eq.31)
leads to the formula obtained by Ivanov, Brabec, and Burnett
[30] in the dipole approximation.

C. Classical electron trajectories

A simple physical interpretation can be given to the re-
quirement that the detachment tinig satisfy Eq.(19), as
will now be discussed. We start with the classical analog of
the Hamiltonian operator in E¢3),
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H

%[p+A(wt)]2+%(I2- NDIp+A(wt)]-E(wt),
(35

obtained by replacing the operateriV with the classical
canonical momentunp. The corresponding classical equa-
tions of motion are solved readily: If, at tinig, the electron
is located at the origin and has velocity, at timet; its
position and velocity are, respectively,
t
r(t1)=f dt"v(t") (36
to
and
V(ty) =v (ty) e+vi(ty)k, (37)
with

- 1 ty
ve(t1)=eV0+[A(wt1)—A(wto)]+E E(wtl)ﬁ dt”l)k(t”)
BT
and

[ve(to) +A(oty) —A( t)]z—i 2(to)
2Cv€0 wlg wlp ZCve 0/

(39

Uk(tl):R'Vo‘F

The corresponding accelerationviét;) = v (t;) e+ v (t,)K,
with

. 1. " 1.
v(ty)= _E(wt1)+E E(wtl)k'r(tl)_EA(wtl)Uk(tl)
(40)

and
. 1.
vi(ty) ZEA( ot)[vto) +Alwt) —Alwty)]. (41

The first two terms on the right-hand side of E40) can be

PHYSICAL REVIEW 86, 063411 (2002

Velocities and |E(ty)] (a.u.)

t-t, (laser periods)

FIG. 1. Shown, for trajectories that return to the core,(8réhe
electron’s speed perpendicular to the laser polarization direction
when it is detached,m(ps,tg)|; (i) the electron’s speed when it
returns to the corey(t); (iii) its maximum speed between detach-
ment and recombinatiom,,,; and(iv) the strength of the electric
field at the time of detachmen(ty)|. These quantities are plotted
as functions of the duration of the trajectory; ty, for a stationary

field of 800 nm wavelength and intensity K80 Wcm 2.

that there is a one-to-one correspondence between the clas-
sical trajectories of the recollision model and the saddle
times obtained from Eq(27). Such a correspondence also

exists in our nondipole approach. In particular, it is straight-
forward to show that a necessary and sufficient condition for
the electron to return to the origin at timhés thatt, is any of

the saddle timesty defined by Egq.(19 and that v,

=7 (Ps,ta) K, wherem,(ps,ty) is defined by Eq(21). In the
classical modela(ps,ty) is thus the velocity in the pulse
propagation direction that the electron must have at the time
of detachmentty, in order to return to the nucleus at the
time of recombinationt. This initial velocity compensates
exactly the displacement imparted by the magnetic-field
component of the pulse on the free electron in the figld.
How | m(ps,ty)| varies witht—tg is shown in Fig. 1, for

recognized as the acceleration imparted by the electric-field stationary field of 800 nm wavelength and 1.8

component of the laser, corrected to first order in fbf its

X 10" Wem™ 2 intensity. Results are given for trajectories

spatial inhomogeneity in the propagation direction. The thirdstarting at equally spaced valuestgf Few or no trajectories

term and the right-hand side of E@l1) describe the accel-
eration due to the Lorentz force, also to first order io. K

come back to the origin in certain time intervals, hence the
gaps in the data. Also given in Fig. 1, for each trajectory, are

wave packet formed by a linear superposition of nondipolehe strength of the electric field at the time of detachment,

Volkov waves, Eq(A4), which at timet, is localized at the
origin and has velocity,, follows the classical trajectory
(36) [22].

|E(ty)|, the maximum speed the electron reaches betwgen
andt, v nhax, and its speed at the time of recombinatio(t).
As will be seen below, all of these quantities are relevant for

Consider now an electron that is detached from the core atnderstanding the features of the nondipole spectra.

time ty with zero initial velocity in the polarization direction.

At this stage, we recall that the maximum kinetic energy

In the recollision model, the electron follows a classical tra-of a returning electron in the dipole approximation is
jectory unperturbed by the atomic potential. A trajectory re-3.11J,, whereU, is the ponderomotive energy. This maxi-
turning to the core leads to photon emission via recombinamum fixes the position of the cutoff frequency in the spec-
tion, with the energy of the emitted photon being the sum oftrum of emitted photons when nondipole effects are ne-
the ionization potential and the kinetic energy of the electrorglected [8—10. The corresponding maximum velocity is
at the time of recombination. Working within the dipole ap- indicated by the dashed vertical line in Fig. 1. Another well
proximation, Lewenstein and co-workef$0] have shown known fact is that several trajectories return with the same
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10° (@ 5x10° Wem™ | (b) 1107 Wem™ |(c) 1.5x107 Wem™ | (d) 2x107 Wem™ || (e) 4x10™ W em™ | FIG. = 2. The : magnitude
squared of the Fourier transform
of the dipole acceleratiofin a.u)
107 De as a function of the photon energy
—_ N (in units of iw), for a Né* ion
(?; 107 ! interacting with a stationary laser
N , T | field of wavelength 800 nm. Spec-
g™ % ‘ 1 e | tra for the emission of photons po-
o » ' H1 NDS/ o \H “ larized along the laser polarization
n 210 i ‘ I g / P‘ ] direction obtained in the dipole
<) e [, 1T e | NDK \“ approximation ([2) and in the
aly M ‘ ‘ | ' { nondipole nonrelativistic approxi-
Wh AT \ mation (NDe) are shown, as well
107 | | as the nondipole nonrelativistic
o2 | h]m | \leI | | spectra for photon emission polar-

0 2500 5000 0 5000 100000 7500 150000 10000 200000 20000 40000 ized along the laser propagation
Harmonic order direction (NLX).

kinetic energy during each half cycle, namely, a short trajecnent first manifests itself as a reduction in photon emission

tory (that lies to the left of the dashed linand one or sev- polarized alonge as compared to the dipole approximation,
eral |Ong trajectorieﬁhat lie to the rlght of the dashed I|he then to a “bending over” of the p|ateau5, and f|na||y to a
The long trajectories with return times of more than onemarked suppression of emission at both ends of the spectrum
period can give rise to intermediate plateaus and, throughnd the disappearance of the intermediate cutoffs which
interference, to oscillations in the dipole spectrum. separate the plateaus in the dipole approximation. A small
We see in Fig. 1 that the behavior of the four plottedshift in the position of the cutoffs is also noticeable.
quantities is very different depending on whether the trajec- Nondipole spectra for emission polarized parallel to the
tory is long or short. In particular, for the short trajectories, direction of propagation of the incident field are also shown
the velocity |m(ps,tg)| and the magnitude of the electric in Fig. 2. Emission of photons polarized in this direction is
field at the detachment time decrease rapidly with decreasingrpidden in the dipole approximation. Compared to emis-

t—ty. _In addition, the electron attains its maximum velpcny sion polarized along, emission polarized along the propa-
when it returns to the core. In contrast, for the long trajecto-

ries, | m(Ps.ty)|, |[E(wty)|, and the maximum velocity of the 10° |
electron remain nearly constant close to their maximum al- -
lowed values. Note, in particular, that for the field considered < -
in the figure,|m(ps.ty)|, is about 3 a.u. for these trajecto- s
ries.

34

1.8x10"” W em™
107"

S0 | Li | |

<1 1.8x10"7 W em™
I1l. RESULTS AND DISCUSSION L 1t J
107" - ; ; N

A. Nondipole effects in photon emission 107
10°

Dipole and nondipole nonrelativistic spectra are comparec _
in Figs. 2 and 3 for photon emission by multiply charged 3 1
ions driven by a stationary 800-nm laser field. The modulus = 107
squared of the Fourier transform of the dipole acceleration is§ g
plotted against the effective harmonic ord@r,w. The Fou-
rier transform of the dipole acceleration is defined as

5 -

-1

10

13

10

0 10000 20000 O 20000

Harmonic order Harmonic order

1 T+2mlw ] .
)= (27,.)1/2L dtexp(—iQt)d(t), (42) FIG. 3. The magnitude squared of the Fourier transform of the

dipole acceleratior{in a.u) as a function of the harmonic order

. - . ;
where T is chosen large enough so as to include the londUPPe" Plots Results for the ions Ei" and BE™ in the dipole

trajectories that contribute to the dipole moment. We use thePProximation(gray curves and in the nondipole nonrelativistic
approximation(black curveg are shown. The ions are irradiated by

notationa ({2) = e-a({2) anda,(2) =k-a(Q2) for the com- 5 gationary field of peak intensity 80 Wem 2 and wave-

ponents of the acceleration. . o _length 800 nm. In the lower plots the ionization rate defined by Eq.
The gradual breakdown of the dipole approximation with(43), w(t,t,), is given for electron trajectories that return to the

increasing intensity is illustrated in Fig. 2 for emission by acore, as a function of the harmonic order of the photon emitted at

Ne°* ion (I,=207.3eV). Going from 0.5 to 4 recombination. The dipole and nondipole valueswtt,ty) are in-

x 10 Wem™ 2, the influence of the magnetic-field compo- dicated by crosses and circles, respectively.
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gation direction is weaker, but the spectra are otherwise simis due to the fact thatr,(ps,ty) is larger for the long trajec-

lar in most respects. The dip visible in the low-energy part ofiories than for the short ones. The exponential dependence of
Figs. 2a) and 2b) also occurs when ions are driven by ul- 5, (t t)) on the initial transverse velocity means that the
trashort pulses, and can be attributed to accidental cancellgspization amplitude tends to be smaller for the long trajec-
tions between different terms contributing to the dipole MO~y ieg than for the short ones, and the latter end up dominat-

ment[22]. ing the spectrum over much of its rangd9]. The secondary

. 2 .
th In Fig. 2(83‘ Wefobser\(te éhdaf(ml 'Z ;ecitlrJ]CGd b(}j/'n;.ore dglateaus, which arise from the longest trajectories, almost
an one order of magnitude compared fo the predictions ompletely vanishalthough they still visibly contribute to

the dipole approximation at the relatively weak intensity Ofthe beryllium nondipole spectrum belod/ o =2500). The

5x 10°° Wem'™®. This reduction contrasts with the smaller oscillations evident in the dipole spectrum largely disappear

decrease found for a %i ion irradiated by a two-cycle b i Cf aip | P i f? y t(ﬂipp

800-nm pulse of X 10 Wcem™2 peak intensity[22,27, ecause at most frequencies only one Set of trajectines
short onep significantly contribute to emission. The spec-

and the even smaller nondipole effects found for & Hten A .
irradiated by a 5-fs 800-nm pulse 0bGLOY W cm™2 peak trum bends over as ionization is exponentially suppressed,

intensity[21]. As will be seen later, the duration of the pulse due to the relatively small value ¢E(tg)| for the short tra-
influences to some degree the overall effect of the magnetidéctories that give rise to the lower harmonics, and to the
field component on photon emission. However, the origin ofarge initial transverse velocity for the short trajectories that
the difference between the results of Fig. 2 and the results fdProduce the high harmonics. Finally, the reduction in har-
He" and LR* can be attributed to the larger ionization po- monic emission is proportionally larger for Be than for
tential of N€™. Thatl, plays an important role is demon- Li2* because the ionization amplitude varies faster with
strated in the upper part of Fig. 3, where photon emission byvhenl , is larger.
Li** (I,=1225eV) and B& (1,=217.7 eV) are com- We now evaluate the importance of the relativistic effects
pared for the same incident fig]@2]. Although the intensity neglected in our approach by comparing, in Fig. 4, our non-
is the same for both ions, the relative difference between thdipole nonrelativistic results with relativistic results recently
dipole and nondipole spectra is much less for'Li obtained by Milosvic, Hu, and Beckef20,24. The case of
The strong dependence ¢p, and in fact all the major a Né* ion interacting with a stationary field of wavelength
differences between the dipole and nondipole spectra, can B®54 nm and intensities 0<710'" and 1.4< 10 Wcm™ 2 is
readily understood within the framework of the recollision considered. Milosvics, Hu, and Becker’s calculations are
model. Only two key quantities need to be considered: thelso done within the SFA but are based on the Klein-Gordon
effective detachment rate when the electron is born and itequation rather than on the Sctinger equation. The rela-
kinetic energy when it returns to the core. In the lower parttivistic results shown in the figure are the emission rates
of Fig. 3 we show, for each trajectory of Fig. 1, the detach-presented in Fig. 2 of Ref20], rescaled so as to facilitate
ment rate at timety of an electron with velocityv,  comparisor35].
=m(ps,ty) transverse to the electric fie[@3], The large differences between the dipole and nondipole
results indicate a strong influence of the magnetic-field com-

4 (21,3 2 (21 +02)32 ponent of the laser field for these parameters. As in Figh. 2
w(t,ty)=— —pz exp{ 3 Ep—L , (43 and Ze), the nondipole spectrum is completely dominated by
T |E(wty)| |E(wty)] the short trajectories at 410" W cm™ 2. At this intensity,

the maximum velocity of the electron,,,y, is at most 42%
as a function of the harmonic order of the photon emitted abf the speed of lighti.e., v2_/c?>=0.18) for any returning
recombination[ 1 ,+v?(t)/2]/w. We indicate the nondipole trajectory. The good agreement between our nondipole non-
values ofw(t,ty) by circles and the dipole valugsbtained relativistic spectra and the relativistic spectra, aside from an
by settingv, =0) by crosses. The rat@3) varies with the arbitrary overall factor, suggests that the relativistic effects
field in the same way as the square of the ionization amplithat are not taken into account in our model are not impor-
tude (32), aﬁm(t,td), and has the same exponential depentant. The difference is largest for the highest harmonics, as
dence onl,. Since the propagation and recombination am-could be expected, sina€,,,/c? grows linearly with the en-
plitudes vary far less in magnitude tham,,(t,tg) from  ergy of the photon emitted at recombination for electrons
trajectory to trajectory, the importance of the contribution tofollowing short trajectories. Compared to the spectra ob-
the spectrum of the different trajectories can be effectivelytained in the dipole approximation, the cutoffs occur at a
gauged by the corresponding valuesadt,ty). As has been slightly higher photon energy in the nondipole nonrelativistic

shown for He interacting with a short laser puldé4],

calculation. The origin of this effect is the additional kinetic

much insight about the photon emission spectrum can benergy the returning electron acquires due to its drift along

gained from this type of plot.
In the dipole approximationy(t,ty) is largest for the long

the pulse propagation direction. However, the nondipole non-
relativistic calculation neglects other effects, such as the in-

trajectories, as electrons having short trajectories are desrease in the inertial mass, which contribute to the kinetic

tached at lower electric fieldéSee Fig. 1. Therefore, short

energy to order 7. In the relativistic results, these addi-

trajectories tend to contribute less to the photon emissiotional effects lead to a small displacement of the cutoffs to
spectrum. However, when the magnetic-field component ofower energies. We have verified that the classical calcula-
the laser field is taken into account, the opposite is true. Thisons within the recollision model yield the same shifts as in
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-1
10 Dipole FIG. 4. The magnitude
squared of the Fourier transform
1 \ of the dipole acceleratiofin a.u)
as a function of the photon energy
(in units of Aw). Spectra for a
Ne®* ion obtained in the dipole
and nondipole nonrelativistic ap-
proximations are shown for the
10 . | emission of photons polarized
R Non-dipole along the laser polarization direc-
— T tion. The ion is irradiated by a sta-
10 - T | tionary laser field of peak intensi-
:‘:::m / \\ ties 0.7 and 1.4 10 Wem™2, as
7 \ R ) ' indicated, and wavelength 1054
nm. The nondipole results are
compared with the relativistic re-
‘ ‘ ‘ ’ sults (R) of Milosevic, Hu, and
10000 20000 30000 40000 Becker[20].
Harmonic order

10

"

la(Q)” (a.u.)
|
|

21

10 - R
0.7

—24

our nondipole nonrelativistic spectra and as in M#as, ary fields. However, for short pulses, photon emission is not
Hu, and Becker spectra when the dynamics of the detacheas strongly suppressed at the low-energy end of the spec-
electron is described, respectively, by the Hamiltonia®  trum, and plateau structures with oscillations are still visible.
and by the relativistic Lorentz equation. Finally, we note thatThis indicates that more than one electron trajectory is con-
v2,./c? is less than 0.18 for the short trajectories responsibléributing to the emission of a particular harmonic in the larg-
for the generation of photons below the harmonic orderest part of the spectrum. Consider, for example, the low har-
30000 at 800 nm wavelength, and is less than 0.10 for thewonics. As noted above, these are weak in the stationary
short trajectories responsible for the strongest photon emisase because they can be produced only through the return of
sion in Figs. 2 and 3. The relativistic effects neglected in ouran electron detached in a weak electric field. For few-cycle
approach are therefore not expected to be significant at theulses, they can also be produced through the return of an
intensities considered. electron detached near the end of the pulse, at a time where
To conclude this section, we briefly discuss photon emis-

sion by ions driven by ultrashort pulses. Spectra for three- . . ‘
and four-cycle pulses are shown in the top and middle dia- 44
grams of Fig. 5. The field is described by E@$) and (2)
with

um=g¥&%» (44)

wheren denotes the number of optical cycles of the pulse.
The pulse is assumed to extend over all space. The corre
sponding Fourier transform of the dipole acceleration is

la(Q)" (a.u.)

w

1 2mnlw .
an—f dtexp(—iQt)d(t). 45 ! j
(1) (277)1/2 0 W )d(v) (49 10" // R i
The integral extends over the entire duration of the pulse 15 . ‘ : \
instead of just one optical cycle as in the case of a stationar 0 10000 20000 30000 40000

field. Results for a stationary field of the same intensity are Harmonic order

shown in the bottom diagram. The plateau structure of the i 5 The magnitude squared of the Fourier transform of the
spectra for few-cycle pulses largely originates from the temy;inoje acceleratiorin a.u) as a function of the photon energip
poral variation of the intensity rather than from the contribu-nits of #.). Spectra for a BY ion obtained in the dipole and
tion of very long trajectorie§34]. (For every half-cycle dur-  nondipole approximations are shown for the emission of photons
ing an ultrashort pulse, the trajectories are detached witholarized along the laser polarization directione{DNDe) for a
different probabilities and return with different kinetic ener- three cycle pulser(=3), a four cycle pulser{=4), and a station-
gies) Overall, the magnetic-field component of an ultrashortary field. The peak intensity is 36101 Wem 2 and \
pulse affects photon emission in a similar way as for station-=800 nm.
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the electric field is strong but the intensity envelope of the & ot .

pulse falls off rapidly. Since the falloff prevents it from at- Alwt)=— Sinz(%) sin(wt) € (48
taining a high velocity, the electron can only contribute low-

energy photons and is not deflected as much by thgng

magnetic-field component of the pulse.

ot—205\ «

on sin(wt—8)k, (49

&
_ _ o Ay ot)=— sin2(
B. Selective compensation of the magnetic drift w

using a second laser pulse ) )
whered= wT,, andn is the number of optical cycles encom-

At intensities where the dipole approximation is valid, thepassed by each pulse. In the classical model, an electron

contribution of each electron trajectory to photon emissionyetached at a timgy must have an initial velocity
depends primarily on the electric-field strength at the time of

ionization. At higher intensities, the contribution of a particu- 1 t
[ dt"[Ay(wt”) —Ay(wtg)]

lar trajectory can be drastically reduced by the drift induced V=T .
d

by the magnetic component of the field. As noted above, to t~la
return to the nucleus the electron must be emitted with a 1 [t R
nonzero velocity transverse to the electric field, and the prob- + Z_CJ dt"[A(wt”)— A(wtg) ]2tk (50
ability for this is exponentially small in the tunneling regime. td

At the intensities considered here, the Lorentz force actin

on the electron has a magnitude comparable to that exert .

by the electric-field component of a relatively weak laser the second DUISé;‘.N’ and the time dglayw are chosen so
thatv, ~0 for a particular group of trajectories.

field. This suggests that the magnetic drift can be compen- N .
sated, at least for certain trajectories, by irradiating the iog The left panel in Fig. 6 shows the magnitude squared of

ga return at the nucleus at timeThe electric-field amplitude
0

with a second, weak laser field, polarized along the propag he I;OUI’IE; ttﬁmeﬁrT of the dlpofle accteleratloln o_ﬁNaS ah'
tion direction of the intense one. In this section, we show byYNction of the photon energy Tor a two-cycie fi.sapphire

an example that a selective compensation of the magnet ulse with£=3.2 a.u. acting alonef,=0). In order to -
drift through this mechanism is indeed possible. ustrate more clearly the dlffere_nce§ betyveen the dipole and

We consider the case of a Neion irradiated by a com- nondipole results, the fast. oscﬂlaﬂons in the spectra have
bination of two ultrashort pulses, both with the same carriett.’een averag_ed by co_nvolutmg V.V'th a Gaussian wmdoyv fun”c-
wavelength(800 nnj. The first pulse, with vector potential t|on.. Let us first con5|der. the trajectory of an electron “born

. . a L at timety=116 a.u. during the laser pulse. If the Lorentz
A, propagates in the directiok and has the polarization  ¢,.q \yas negligible, the electron would return to the nucleus
vectore. The second pulse has the vector potentigland gt timet~190 a.u., where it could recombine with the emis-
the polarization vectog,,, with €,=k. We assume that the sion of a photon of energy 75@0 However, the Lorentz
second pulse is weak enough to be treated in the dipole afferce is not negligible: in order to return the electron must
proximation. Therefore, the Schtimger equation governing have an initial velocity of about 2 a.u. opposite to the direc-
the motion of the electron in the nondipole nonrelativistiction of propagation of the pulse. Corresponding#y,(Q)|?
approach reads is much reduced, compared to its value in the dipole approxi-
mation.

If, in addition, the ion is irradiated by a second two-cycle
pulse, of field strengttf,=0.37 a.u., and delayed by,
=62 a.u. with respect to the first pulse, the electron returns

X[ =iV +A(wt)]-E(wt)+V(r) | W(r,1), to the core if detach_ed with zero velocity at time= 1'16 a.u.
In the center panel in Fig. 6 we see that the magnitude of the
(46) nondipole spectrum is nhow comparable to the spectrum ob-
tained in the dipole approximation in the region of the
] o ) 7500th harmonic. The small difference is due to the fact that
with E(wt)=—(d/dt)A(wt). Within the SFA, the dipole he magnetic drift is compensated only for some of the tra-
moment of the ion can be still be expressed as in EM®.  jectories that contribute to emission in this part of the spec-
and (18_), with the saddle momentum and the saddle timesym, namely, those withy~116 a.u.
determined by Eqs(15) and (17); however, we now have Photon emission in the region of the cutoff of the second
plateau can be enhanced in a similar manner, by choosing the
1 1 N delay and the strength of the second pulse torfye —80
a(p,H)=p+A(wt) +Ay(0t) + - p-A(wl) + EAZ(‘UU K- a.u. ands=0.32 a.u., respectively. The resulting spectrum is
shown in the right panel of Fig. 6.

d (1 , 1.
|E\If(r,t)— E[—|V+A(wt)+AW(wt)] +E(k~r)

(47)
We assume that the two pulses have the same envelope, C. Single attosecond pulse generation
with the second pulse delayed by a timg with respect to Finally, we investigate how the magnetic-field component
the first one. We take, specifically, of the laser pulse influences photon emission in the time
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la Q)" (a.u.)

0 10000 20000 30000 O 10000 20000 30000 O 10000 20000 30000
Harmonic order

FIG. 6. The magnitude squared of the Fourier transform of the dipole acceleration, in a.u® ofda function of the photon energy
(in units ofAw). The laser-pulse duration is two cycles, with peak intensity<3.6'” W cm™ 2 and wavelength 800 nm. Dipole @p and
nondipole (N¥) spectra are shown. In plots) and (c), the nondipole results are for the case in which the ion interacts with a second,
weaker laser pulse polarized along the propagation direction of the intense(pedseexk. In plot (b), the time delay ,=62 a.u.) and
intensity (,,=4.8x 10" W cm™?) of the second pulse were chosen such that photon emission in the neighborhood of the 7500th harmonic
is enhanced, while in plotc), r,=—80 a.u. and,,=3.6xX10® Wcm 2, leading to the enhancement of emission around the 30 000th
harmonic.

domain. To this end, we calculate the frequency-resolved di- The results calculated in the dipole approximation are
pole acceleration for emission in a narrow frequency windowshown in Fig. Ta). Each spike in this diagram corresponds to

centered abouf), defined by[36] a burst of emission of 3.9-keV photons. The spikes occur
precisely at the instants where, in the recollision model, de-
a(t,0)= e‘“‘fmdﬂ’ei(ﬂ'*mt tached_ele_ctrons re_turn to the nucleus with the speed required

€ (2a)Y2 0 for emission at this energy. Seven bursts are particularly

. strong and have approximately the same intensity, showing

XF(Q'-Q)e-a(Q)'), (51  that in the dipole approximation the emission is dominated

by seven groups of trajectories.
where F(Q)'—Q) is a Gaussian window centered &t' However, the magnetic drift, when taken into account,

=(). The square modulus @f.(t,(2) is shown in Fig. 7, for changes this picture dramatically. The central part of the fig-
Ne®*" interacting with a four-cycle pulse of 3.6 ure, where the nondipole results are plotted, shows that all
x 10t Wem ™2 peak intensity at 800 nm wavelength. We but one of the seven returns that contribute most in the dipole
concentrate on the emission of 3.9-keV photonQ ( approximation are severely suppressed. The only significant
=2500w). emission event occurs towards the end of the pulse and
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FIG. 7. The magnitude squared of the frequency-resolved dipole acceleration for photon emission centered about the 2500th harmonic of
the driving field by a single N ion interacting with a four-cycle Ti:sapphire pulse of 8.60"” W cm™2 peak intensity. Shown are results
obtained in the dipole approximatiqa) and in the nondipole nonrelativistic approximatit),(c). Plot (c) shows the enhancement by a
second laser pulse of photon emission at 3.4 laser periods. The peak intensity of the secorlg, pigds22x 104 W cm™2 and the delay
7w IS 30.8 a.u.
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107 i , . . emission by ions interacting with laser fiel@stationary or
pulsed whose peak intensities are sufficiently high so that
the dipole approximation is no longer applicable. This ap-
- proach can be viewed as a nondipole generalization of the
SFA theory of Lewenstein and co-workdrk 10]. It applies
to the dynamical regime that lies between the usual nonrel-
ativistic dipole regime and the fully relativistic regime. Us-
10" | ing the nondipole nonrelativistic Volkov wave functio#4)
and within the SFA, we have shown that the time-dependent
dipole moment of the ion in the laser field(t), can be
reduced to the simple form given by Ed.8). Then through
a series of approximations, none of which compromise the
accuracy of the calculations in any significant way, we re-
N ‘ cover the expression for the dipole moment derived by
107" . N L Walseret al. [21], wherebyd(t) is obtained as a sum over
0 3000 6000 9000 amplitudes arising from particular electron trajectories.
Harmonic order The trajectories satisfy two simple classical criteria. First,
if the electron is detached at some earlier titge its dis-

FIG. 8. The magnitude squared of the Fourier transform of theplacement along the polarization direction must be zero at
dipole acceleration of a single Rie ion interacting with a four-  time t. Second, at time, its velocity along the laser-pulse
cycle Ti:sapphire pulse of 3:610'" W cm™ 2 peak intensity. Shown propagation directiony, , must be equal and opposite to the
are results obtained in the nondipole nonrelativistic approximationaverage velocity that the free electron acquires in the propa-
with the upper curve illustrating the enhancement of photon emisg.io girection due to the Lorentz force between the titges
sion aroundQ/szSOQ when the ion Interacts .W'th a second, andt. These are, of course, nothing more than the conditions
weaker laser pulse having the same peak intensity and delay as i o ot he imposed if a classical electron detached at time
Fig. 7. The high-energy part of the spectrum is not shown. tq is to return to the core at time One recognizes immedi-
dominates the spectrum. The corresponding trajectory is deately the language of the recollision model, modified so as to
flected less than the others, owing to the decrease in theccount for the magnetic-field induced drift of the detached
strength of the magnetic-field during the trailing edge of theelectron. As in the intensity regime where the dipole approxi-
pulse. The width of the spike indicates that the duration ofmation is applicable, it follows that the main features of pho-
the burst is about 20 afit is worth noting that the intensity ton emission spectra can be understood from two key quan-
of this emission depends crucially on how the envelope ofities, namely, the tunnel ionization rate when the electron is
the pulse decreases at the end of the pulse: the slower thgtached and the kinetic energy of the electron when it re-
decrease, e.g., the longer the pulse, and the weaker the emjgs to the core. In contrast to the dipole approximation, the
sion) The other trajectories make a smaller contribution;ynnel ionization rates now depend strongly @n, and in
their main effect is to induce, by interference, the oscillations, , ticylar on its magnitude relative tg and the magnitude
Icnurt\t]eeo?olirzglpgle spectrum which are visible in the IOWerof the electric field at the time of detachment. The overall

: L effect of the dependence results, at sufficiently high

In_F|g. 7c), we pres_entaé(t,Q)|2 ca[culated for a super- intensities, is a gtrong supg%ssion of photon emisgion.gOnly
position of the same intense pulse with another T"Sapph'r?rajectories witht—ty and [v, | small contribute meaning-
pulse, as discussed in Sec. Il B. The electric-field amplitudqtuIIy to the emissiondspectrulm. As was emphasized recently
of the second pulsef,,, and the delay between the two ; Ref. [5], it is remarkable that multiphoton processes in

pulses,r,,, are chosen so as to compensate the magnetic dri oms interacting with intense laser fields, processes that

for the trajectory giving rise to the strongest burst of emis- : . ; ;
sion in Fig. 7b). As seen from the diagram, when the mag_would at first sight appear to be exceedingly complex, can in

) Lo N . fact be largely understood in terms of classical trajectories of
netic drift is compensated, emission is as strong as in th

. o . . Blectrons that are detached and then subsequently return to
dipole approximation. The other trajectories are further SUP§heir parent ion. These processes, in addition, provide a fas-

pressed by the second pulse, with the consequence thatcfhating example of a system whose dynamics lies at the

single attoseqond pulse of x-ray photons is emitt_ed. Th?nterface between quantum and classical mechanics.
same conclusions can be drawn from the corresponding spec- Typically, a number of electron trajectories contribute in a

trum, shown in Fig. 8. In fact, one sees from the Sp(.acmmlzomparable way to photon emission in some frequency in-

ferval or to ATI spectra in some energy range. We have dis-
cussed a scheme whereby a second laser pulse can be used to
control an individual electron trajectory. By the appropriate
choice of the laser parameters, the effect of the drift induced
by the magnetic-field component of the pulse can be com-
pensated for a selected trajectory, and enhanced for others,
In this paper we have given a detailed account of thdeading to the emission of a single attosecond pulse of high-
approach introduced in Reff21,22 for describing photon frequency photons. The scheme has similarities to the pro-

and occurs as a single burgtote the absence of oscilla-
tions), not only for =250Qw but also in a large range of
frequencies around this value.

IV. CONCLUSIONS
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posal by Corkum, Burnett, and Ilvanov for producing an iso-where the function‘P;(r,t) is a solution of the time-
lated attosecond pulse, in which single returning trajectorieglependent Schdinger equatiof TDSE) (4) with V(r)=0.
are selected by a temporal variation of the ellipticity of theCalling W (r,t) the solution of the TDSH3) with V(r)

incident field[37]. =0, introducing the wave functioW (r,t) as

Many of the issues regarding the consequences of the
breakdown of the dipole approximation discussed here apply il 1., N ,
equally well to strong-field recollision processes leading to ¥ p(r:t) =€x c —IV-Alot) + ZA%wt) | (k1) JWp(r,0),
single and multiple ionization. For instance, the reduced (A2)

recollision probability in the nondipole nonrelativistic re-

gime means, as has recently been observed experimentally ghd recalling thaV - A(wt) commutes withk-r, it is seen
nonsequential multiple ionizatiof88], that these processes that

are strongly suppressed at very high intensity. This could

well impose a practical barrier to the experimental study of _ , 1/ )

strong-field recollision processes at intensities where relativ- |E\Pp(r,t):§( —IV+A(e) + | —IV-Alel)

istic effects become important. The selective compensation

of the effect of the magnetic drift by a second laser pulse, as 1., .\? ,

discussed above, may offer a way to alleviate this difficulty. + EA (wt) (k| Wp(r,1). (A3)
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APPENDIX: NONDIPOLE NONRELATIVISTIC VOLKOV ‘pr(r,t) (27,-)3/2 eX[{Iﬁ(p,t) ' ZJ At a(p,t")] )'
WAVE FUNCTION (A4)

The required nondipole nonrelativistic Volkov Green's

: where w(p,t) is defined in Eq.8). The nondipole Volkov
function can be expressed as

wave function(A4) is also readily obtained by expanding the
relativistic Volkov wave function in powers of d/and ne-

(F) /v pert o1y e e L Lor oo glecting terms of orders & and higher. It reduces to the
Gy (rtrt)==iot-t )f dpW(r,HI¥H(r 1) ], familiar nonrelativistic, dipole Volkov wave function when
(A1) 1/c—0.
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