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Controlling harmonic generation in molecules with intense laser and static magnetic fields:
Orientation effects

André D. Bandrauk and HuiZhong Lu
Laboratoire de Chimie The´orique, Faculte´ des Sciences, Universite´ de Sherbrooke, Sherbrooke, Quebec, Canada J1K 2R1

~Received 24 March 2003; published 20 October 2003!

We solve exactly the three-dimensional time-dependent Schro¨dinger equation for the H2
1 molecular ion in

a combination of intense short laser pulses and static magnetic fields using a newly developed adaptive grid
method. This allows for a study of the control of high-order harmonic generation in molecules by various
orientations of the magnetic and laser fields in order to control electron recollision with nuclei. In particular, we
find regimes of pure even harmonic or even and odd harmonic generation for particular field and frequency
configurations. Furthermore, magnetic fields are found to extend harmonic generation plateaus to higher order
as a result of further nonlinear coupling between charges and fields.

DOI: 10.1103/PhysRevA.68.043408 PACS number~s!: 42.50.Hz
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I. INTRODUCTION

Atoms and molecules subjected to long-wavelength
tense laser light emit high-order harmonics because of n
linear, nonperturbative interaction of the electrons with
intense radiation field and the ion core. Plateaus with w
defined cutoffs are observed both experimentally@1# and in
simulations @2–6# of high-order harmonic generatio
~HOHG!. The physical mechanism for HOHG in atoms
now well understood. It has been shown that classical m
els apply and that electron rescattering of the ionized e
tron with the ion core is responsible for long plateaus and
cutoff @2,7,8#. Thus at high laser intensities, two physic
parameters describe the energy acquired by an ionizing e
tron.

~i! The ponderomotive potential (1 a.u.527.2 eV),

Up ~a.u.!5eE2/4mv253.4310221I ~W/cm2!l2 ~nm!.
~1!

~ii ! The ponderomotive radius (1 a.u.50.0529 nm),

a ~a.u.!5eE/mv252.4310212I 1/2 ~W/cm2!l2 ~nm!,
~2!

whereE is the peak field strength of a laser of intensityI
5cE2/8p and frequencyv.

The maximum number of harmonicsNm generated by an
ionized electron in such a laser field has been shown th
retically @2–6# and experimentally@1# to obey the equation

Nm5~ I p13.17Up!/\v, ~3!

where I p is the ionization potential andUp @Eq. ~1!#, the
ponderomotive energy, is the oscillating energy of the f
electron in the electromagnetic field. As an example, a
wavelengthl51064 nm~yttrium-aluminum-garnet laser! for
which v50.0428 a.u.~1.16 eV!, then for the intensityI
51014 W/cm2, one findsUp510 eV anda0514 Å. This
readily givesNm541 photons. Clearly the field-induced o
cillation energyUp is comparable to the ionization energyI p
of an H atom~13.6 eV! or the molecular ion H2

1 ~30 eV!,
two one-electron systems for which the time-depend
1050-2947/2003/68~4!/043408~7!/$20.00 68 0434
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Schrödinger equation~TDSE! can be solved exactly@9#.
Thus the field-induced orbita @Eq. ~2!# puts the electron well
beyond the maximum influence of the Coulomb field. T
effect of the laser field is to impose for linear polarization
oscillating amplitudea sin(vt) on the electron motion. This
induces the electron to recollide with the nuclei at lar
wavelength. A classical@2# and semiclassical@7# theory re-
produces well the maximum HOHG cutoff@Eq. ~3!#.

HOHG as predicted by Eq.~3! suggests that intense las
fields can be used to produce coherent ultraviolet~uv! and
even x-ray radiation by going to even higher intensities a
shorter pulses, resulting in attosecond pulses@10,11#. Thus
stretching the plateau to higher energies is a highly desira
endeavor. One method to achieve higher cutoffsNm has been
suggested from numerical simulation: laser control of
ponderomotive radiusa @Eq. ~1!# using a combination of two
lasers,v13v, and varying the phasef between the two
@4,5#. Thus using a combination of fields

E~ t !5E0@cos~vt !1d cos~3vt1f!#, ~4!

we have been able to show that one can control in time
peak of the total laser field, and one can also control
returning trajectorya of the electron in order to enhanc
HOHG. This has been generalized to create attosec
pulses@12,13#.

Since the mechanism of HOHG in strong laser fields h
been established to be a recollision of the electron with
ionic core induced by the laser field, limitations on the ef
ciency of HOHG have become evident. First, too high fie
cause much ionization, i.e., the HOHG intensity satura
eventually@1#. However, one of the most serious problems
the expansion of the ionized electron wave packet as it
cillates back and forth in the laser’s field@2#. In order to
circumvent this problem and enhance the HOHG process
have proposed earlier using a combination of intense la
and magnetic fields@14#. Basically, putting a magnetic field
of strengthB parallel to the electromagnetic field@15# puts
the ionized electron in a magnetic ‘‘bottle,’’ thus squeezi
the electron along the electric-field direction. In particul
numerical results for the H2

1 molecule from the exact TDSE
for such a system have shown that one can indeed double
©2003 The American Physical Society08-1
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HOHG spectrum toNmax of about 100 with a magnetic field
of about 108 G @14,15#. One intriguing aspect of this new
approach is the fact that this doubling of the HOHG sp
trum must arise from high-energy Landau levels, which
known to autoionize in an H atom as a result of nonsepa
bility of the Coulomb plus magnetic-field system@16,17#.

Current experiments at the Florida High Magnetic Fie
Research Facility hold the promise to achieve magn
fields around 106 G with millisecond duration@18#. The cru-
cial parameters in designing experiments to control elec
recollision with nuclei using simultaneous intense elect
magnetic and magnetic fields are the cyclotron radiusRB and
frequencyvB , i.e.,

RB5mv/egB0 , vB5gB0 /m, ~5!

where g5B/B0 , B052.353109 G, the atomic unit of the
magnetic field. Current available field strength correspo
to g51023. We have previously proposed combinations
parallel intense short laser pulses and static magnetic fi
in order to create a ‘‘magnetic bottle’’ along the internucle
R axis in order to increase HOHG@14# and charge resonanc
enhanced ionization~CREI! @16#. Such an approach has bee
generalized by adding also a static electric field in order
confirm the ‘‘three-step’’ model of HOHG in atoms@19#.
Further progress in density-functional theory~DFT! has re-
sulted in the generalization of the Kohn-Sham equations
order to include magnetic fields@20#. There is thus a growing
theoretical framework to consider magnetic-field effects
molecules. In the present paper, we extend our previous w
@14,15# in order to study a combination of short intense la
pulses of different polarization with static magnetic fields
different orientation. We present here solutions of the TD
for 3D H2

1 ~Born-Oppenheimer! using a newly developed
adaptive grid method for time-dependent molecular pr
lems @21#. Orientational and geometric effects on CREI
H2

1, H2 , H3
21, and H3 have been previously examine

numerically from the corresponding 2D TDSE@22,23,9# and
this has been extended to HOHG@24#. We complete such
previous studies by including magnetic-field effects.

II. HOHG WITH CIRCULARLY POLARIZED LIGHT
„x-y PLANE … AND MAGNETIC FIELD „zÄR AXIS …

In our previous work on electron confinement by a ma
netic field@14# in a 2D H atom, we examined the effect of
circularly polarized laser pulse perpendicular to a static m
netic field. Thus both laser and magnetic fields induce ro
tion about the same axis. Modulating the laser field f
quency allowed for control of the high-order harmon
generation along one direction perpendicular to the magn
field. In the present case, we generalize this example of l
control of HOHG for the H2

1 molecular ion.
We begin with the exact 3D Hamiltonian of H2

1 with
static~Born-Oppenheimer! nuclei@3,5,6# adapted to the mag
netic problem described above@16# ~we use atomic units
e5\5me51),
04340
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]c~x,y,z,t !

]t
5@H01Hl1HB#c~x,y,z,t !, ~6!

where

H052
2mp11

4mp
F ]2

]x2 1
]2

]y2 1
]2

]z2G
2

1

@x21y21~z6R/2!2#1/2, ~7!

Hl5kE0 cos~vt !@x cos~v̄t !1y sin~v̄t !#

5k
E0

2
@x cos„~v1v̄ !t…1y sin„~v1v̄ !t…#

1k
E0

2
@x cos„~v2v̄ !t…1y sin„~v2v̄ !t…#, ~8!

HB5b,z1
1
2 b2r22b, ,z52 i Fx

]

]y
2y

]

]xG ,
r5~x21y2!1/2, ~9!

and k5(2mp12)/(2mp11), mp51837 is the mass of the
proton,b5B/B0 , andB052.353109 G, the atomic unit of
the magnetic field. We neglect here the effect of the magn
field on the nuclear motion@25# since the resulting Lorentz
force scales asv/c5 1

137 for one atomic unit~a.u.! of velocity
and should therefore be negligible for the proton whose m
is 1837 a.u. Our model therefore consists of H2

1 aligned
with the z axis in the presence of a static magnetic field
strengthB parallel toz ~internuclear axisR!. The magnetic
field induces angular momentum,z around the molecular
axis and a confining potential12 b2r2 perpendicular to that
axis ~the diamagnetic energy!. The parameter that characte
izes the magnetic confinement is the Landau radius du
harmonic motion in that confining potential, i.e.,RL
5(2/b)1/2. Thus a magnetic field of strengthb50.1 (2.35
3108 G) will induce a Landau radiusRl.4.5 a.u. aroundz
(R2molecular axis!. The modulated field in Eq.~8! corre-
sponds to two circularly polarized fields which differ by 2v̄
in frequency. Atv5v̄, this becomes a single circularly po
larized field of frequency 2v in the presence of a static elec
tric field along thex axis.

Applying the unitary transformationT5exp(2iv̄t,z),
which is a rotation around the1z direction by the anglev̄t,
gives the new Hamiltonian

H85H01 1
2 b2r21~b2v̄ !,z1xE0 cos~vt !. ~10!

The new Hamiltonian exhibits a magnetic confinement p
tential 1

2 b2r2, a rotation term (b2v̄),z , and a linear driv-
ing field termxE0 cos(vt) in the frame rotating at frequenc
v̄. This last term will give rise to a ponderomotive ener
Up , Eq. ~1!. The model of HOHG via recollision of the
ionized electron with the ion core predicts a maximum h
monic order given by Eq.~3! @2,6–8#. We note here that
sincex is not diagonal in the angular momentum quantu
8-2
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numberm ~around thez axis!, the last laser-driving term in
Eq. ~10! couples different angular momentum terms, th
also pumping energy into circular motion.

In the present paper, we use another approach in ord
simplify the numerical procedure to solve the TDSE~6!. We
eliminate the Larmor~magnetic! rotationb,z by the coordi-
nate transformation,

x̄51x cos~bt !1y sin~bt !,

ȳ52x sin~bt !1y cos~bt !, ~11!
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z̄5z.

This transformation implies the rotation

] x̄

]t
5b ȳ,

] ȳ

]t
52b x̄, ~12!

i.e., rotation aroundz at the frequencyb instead ofv̄ as in
Eq. ~10!. Using the new coordinate system, the TDSE~6!
becomes
i
]c~ x̄,ȳ,z,t !

]t
5@H01 1

2 b2r22b#c~ x̄,ȳ,z,t !1kE0 cos~vt !@ x̄ cos„~v̄2b!t…1 ȳ sin„~v̄2b!t…#c~ x̄,ȳ,z,t !. ~13!
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We note thatH0 in Eq. ~6! remains unchanged. An advanta
of the new TDSE~13! as compared to Eq.~10! is that the
linear laser driving term is no longer confined to one dire
tion, thex axis, but involves now time-dependent variabl
x̄,ȳ, Eq. ~11!, which depend on the magnetic-field strengthb
and are circular in thex and y coordinates. We note that a
b5v̄, both Eqs.~10! and ~13! become equivalent withx
transformed tox̄.

The new TDSE, Eq.~13!, is solved using our new adap
tive grid numerical method developed to treat molecular
problems in Cartesian coordinates@21#. Calculation of the
HOHG spectrum is achieved by calculating the tim
dependent average value of the induced dipoles@3,26# from
the exact wave functionc(x,y,z,t), d(t)5^cuduc&, with
components

x~ t !5 x̄ cos~bt !2 ȳ sin~bt !,

y~ t !5 x̄ sin~bt !1 ȳ cos~bt !. ~14!

Fourier transforming these time-dependent dipoles to
quency allows us to reconstruct the power spectrumud(v)u2.

We have performed calculations at the intensityI 0
51015 W/cm2 corresponding to an electric-field streng
E050.168 85 a.u., wavelengthl5800 nm or frequencyv
50.057 a.u., and magnetic-field strengthb50.1 a.u. giving
rise to a Landau confinement radiusRL5(2/b)1/254.5 a.u.
The corresponding ponderomotive energy isUp5E0

2/4v2

52.2 a.u.539v. We present results at the equilibrium di
tance of H2

1, R52 a.u. so that the ionization potentialI p
.0.511/R.1 a.u.517.6v. Therefore, for linearly polarized
light, the maximum number of harmonics expected is fro
Eq. ~3!, Nm.140. Calculations have been performed with
linear pulse rise of five cycles (one cycle52.7 fs) and then a
constant field to 25 cycles.

We illustrate in Fig. 1 the HOHG spectrum along thex
direction perpendicular~the y direction is identical! to thez
~internuclear! axis for magnetic-field strengthb50.1 andv̄
5b.v ~i.e., v̄50.1 a.u.51.75v.450 nm) at I
51015 W/cm2, l5800 nm. The inset shows the fine stru
-

-

-

ture appearing at low harmonic order. We note thatv̄1v
52.75v, v̄2v50.75v. The splitting observed correspond
to the frequency differenceD.2(v̄2v), since two frequen-
cies v̄1v and v̄2v are exciting the molecule. The spe
trum shows minima and maxima arising from interferenc
between different recolliding electron trajectories, which a
expected to occur in the lowv frequency range used her
@2,6,19#. However, no sharp cutoff or maximaNm are ob-
served in the circularly polarized case with a magnetic fie
Thus a maximum aroundNm5I p12Up595v, expected for
ionized but confined~by the diamagnetic energy! electrons,
is found to be followed by further progression of the ha
monic spectrum. This is an indication of the original id
that a combination of magnetic fields and laser fields sho
enhance energy pumping into ionized electrons and ext
HOHG plateaus for both linearly polarized and circular
polarized laser fields@14#. This is achieved by confinemen
of the ionized electron by the magnetic field and the mot
is mainly in thex direction, Eq.~10!.

The above nondegenerate frequency configuration, wh
v1v̄52.75v, v̄2v50.75v, andv̄5b51.75v, produces

FIG. 1. x-axis HOHG spectrum forI 51015 W/cm2, in the x-y
plane: v̄5b50.1 a.u.; v50.057 a.u. (l5800 nm) for 3D H2

1

at R52 a.u.
8-3
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A. D. BANDRAUK AND H. LU PHYSICAL REVIEW A 68, 043408 ~2003!
only odd harmonics that are split due to the sum and diff
ence frequenciesv̄1v and v̄2v. Changing now to the
degenerate regimev̄5b52v produces effective field fre
quenciesv̄1v53v andv̄2v5v. In our previous study of
HOHG control without magnetic fields, suchv13v combi-
nation with linear polarization was shown to lead to a sm
extension of plateaus beyond the classicalNm law ~3! @4,5#.
In Fig. 1 corresponding to the nondegenerate case, high
tensities and much longer harmonic progressions are
tained with no definite cutoff. In the present degenerate c
long progression persists but intensities are much lower,
2. We surmise that this is due to the fact that the Larm
frequency,b52v, is now nonresonant with the effectiv
laser frequencies 3v andv. We note further that due to th
commensurate frequenciesv,2v,3v present no splitting of
the odd-only harmonics occurs, Fig. 2.

We confirm this hypothesis by presenting in Fig. 3 t
completely degenerate casev5v̄5b/250.057 a.u. One ef-
fective laser frequency,v̄1v5b, appears now sincev
2v̄50. Thus from Eq.~8! we note that this degenerate fr
quency configuration corresponds to a single circularly
larized field at frequencyb in thex-y plane in resonance with
the Larmor frequencyb and in the presence of a static ele

FIG. 2. x-axis HOHG spectrum forI 51015 W/cm2, in the x-y
plane: v̄5b50.114 a.u.52v; v50.057 a.u. (l5800 nm).

FIG. 3. x-axis HOHG spectrum forI 51015 W/cm2, in the x-y
plane: v̄5v50.057 a.u.;b52v50.114 a.u.
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tric field along thex axis. The net effect is to produce a pu
evenHOHG spectrum and no line splittings, Fig. 3. Since
a zero magnetic field, HOHG with a single circularly pola
ized laser field is not possible due to photon moment
conservation, the present configuration, where the freque
of the circularly polarized laser is resonant with the magne
Larmor frequencyb, introduces copious harmonics~no vis-
ible cutoff in Fig. 3! which are all even. The magnetic fiel
thus creates Zeeman levels whose energy separation is
cisely b @Eq. ~9!#, which are excited by single-photon tran
sition at frequencyv1v̄52v5b. This appears asevenhar-
monics; however, we emphasise that it is the presence o
magnetic field and the static electric field which creates
even HOHG spectrum. Comparing Figs. 1, 2, and 3, in
first two Figures onlyodd harmonics appear since no su
v1v̄ or differencev̄2v frequency@Eq. ~8!# is resonant
with the Larmor frequencyb, whereas in Fig. 3 onlyeven
harmonics appear since the sum frequencyv1v̄ is equal to
b. The sensitivity to resonant and nonresonant condition
further confirmed in Fig. 4, where we show the HOHG spe
tra for v5v̄50.057 and b50.1. Since v1v̄50.114
whereasv̄2v50, we find now that both even and odd ha
monics appear simultaneously with near equal intensity
this nondegenerate case because of the presence of a
electric field along thex axis @Eq. ~8!#. The HOHG spectrum
shows again a very extended spectrum with no visible cu
corresponding to Eq.~3!.

III. HOHG WITH CIRCULARLY POLARIZED LIGHT
„y-z PLANE … AND MAGNETIC FIELD „x AXIS …

We now generalize the previous perpendicular laser po
ization and magnetic-field orientation toy-z plane confine-
ment, whereziR is the molecular internuclear axis. For th
laser-molecule interactionHl we now write

Hl5kE0 cos~vt !@y cos~v̄t !1z sin~v̄t !# ~15!

with v̄5b, the Larmor frequency. This Hamiltonian repr
sents laser-induced rotation of the electron in they-z plane,
so that the electron can now in principlecollide with the

FIG. 4. x-axis HOHG spectrum forI 51015 W/cm2, in the x-y
plane: v̄5v50.057 a.u.;b50.1 a.u.
8-4
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CONTROLLING HARMONIC GENERATION IN . . . PHYSICAL REVIEW A68, 043408 ~2003!
protons separated by distanceR along thez axis. This is a
generalization of the laser-induced recollision model@2# ap-
plied now to molecules@6#. The magnetic field is chosen t
be oriented along thex axis in order to enhance or hinder th
laser-induced electron rotation in they-z plane, where,x5
2 i @y(]/]z)2z(]/]y)#. Applying the unitary transformation
T5exp(2iv̄t,x) gives the new Hamiltonian from Eqs.~6!
and ~15!,

H5H01 1
2 b2~y21z2!1~b2v̄ !,x1yE0 cos~vt !.

~16!

From Eq.~16! we see now the appearance of the diamagn
confinement term and rotation in they-z plane. In this rotat-
ing frame, the electron is now being driven along they axis.
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As in the previousx-y plane regime, we choose rotating c
ordinates in order to eliminate angular momentum terms
the Hamiltonian~16!. Thus setting

x̄5x,

ȳ5y cos~bt !1z sin~bt !, ~17!

z̄52z sin~bt !1z cos~bt !,

which implies

] ȳ

]t
5b z̄,

] z̄

]t
52b ȳ, ~18!

we obtain the transformed HamiltonianH0 ,
H052
2mp11

4mp
S ]2

] x̄2 1
]2

] ȳ2 1
]2

] z̄2D2$x̄21 ȳ21~ z̄6R/2!2#6R@ ȳ sin~bt !1 z̄ cos~bt !#%21/2, ~19!

and the new TDSE in the new coordinates (x̄,ȳ,z̄),

i
]c~ x̄,ȳ,z̄,t !

]t
5$H01 1

2 b2~ ȳ21 z̄2!2b1kE0 cos~vt !@ ȳ cos„~v̄2b!t…1 z̄ sin„~v̄2b!t…#%c~ x̄,ȳ,z̄,t !. ~20!
me

ian

di-
In this new rotating coordinate system, the protons rot
themselves at positions (ȳ,z̄)56(R/2)(sinbt,cosbt). Solv-
ing the TDSE~20! allows us to calculate the time-depende
averages, e.g.,^c( x̄,ȳ,z̄,t)uduc( x̄,ȳ,z̄,t)&, of the induced di-
poles,

y~ t !5 ȳ~ t !cos~bt !2 z̄~ t !sin~bt !,

z~ t !5 ȳ~ t !sin~bt !1 z̄~ t !cos~bt !. ~21!

Fourier transforming these laser-induced dipoles gives
power spectrumud(v)u2 as a function of the frequencyv.

We examine first the casev̄5b50.1, v50.057 for
which from Eqs.~16! and ~20! the main effect of the elec
tromagnetic field is to drive the electron along they direction
in the y-z rotating frame. Figure 5 shows the correspond
HOHG spectrum in thez direction ~y-z plane!. This is to be
compared to Fig. 1 where the effective driving motion of t
electron is in thex direction but in the~x-y! plane, Eq.~10!.
In the latter case, only odd harmonics split into two—v̄
1v52.75v, v2v50.75v—appear, whereas in Fig. 5 bot
even and odd split harmonics now appear simultaneo
with equal intensity. Thus Fig. 5 corresponds to all even a
odd harmonics split in two, whereas Fig. 1 contains only
odd harmonics with the same splittings,v̄1v and v̄2v.
The HOHG spectrum in they direction is identical to thez
spectrum. We note that the even-odd harmonic spectrum
Fig. 5 as compared to the odd harmonic spectrum only
Fig. 1 reflects some symmetry breaking in the first, i.e.,
the configuration where both counter-rotating circularly p
larized laser fields and the magnetic field are perpendic
te

t

e

g

ly
d
e
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ar

to each other~y-z plane andx axis! but the electron now
circulates in the molecular plane~y-z plane!. This symmetry
breaking can be seen clearly by comparing the rotation fra
equations~13! and ~19!. Thus in Fig. 1, at frequencyv̄
5b, the electron is driven along thex̄ axis but the field-free
HamiltonianH0 is symmetry-conserving in thex-y rotating
frame. In the second case, Fig. 5, the field-free Hamilton
H0 ~19! is non-symmetry-conserving in the rotatingy-z
plane, with the nuclei now rotating themselves with coor
nates (ȳ,z̄).

We next compare the casev̄5b52v, wherev50.057.
Thus for the~y-z! plane laser polarization–x-axis magnetic-
field direction this is shown in Fig. 6 for HOHG along thez

FIG. 5. z-axis HOHG spectrum forI 51015 W/cm2, in the y-z
plane: v̄5b50.1 a.u.;v50.057 a.u. (l5800 nm).
8-5
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A. D. BANDRAUK AND H. LU PHYSICAL REVIEW A 68, 043408 ~2003!
axis ~they axis gives similar results!. When compared to the
identical laser–magnetic-field parameters but~x-y! plane and
z axis configurations, Fig. 2, one basically obtains the sa
spectrum especially in the details~see the insets of Figs.
and 6!. Only odd harmonics appear with similar intensitie
i.e., intense first and third harmonics, followed by a lo
plateau. Thus although from Eq.~16! one would expect tha
at v̄5b the magnetic coupling vanishes in the rotating fra
for both Figs. 5 and 6, thus producing similar HOHG spec
we must emphasize that in Fig. 5,v̄5bÞv, whereas in Fig.
6, v̄5b52v. Thus in both cases, the magnetic coupli
term (b2v̄) l x , Eq. ~16!, vanishes, but the commensurab
ity v̄52v results in two effective laser fields with freque
ciesv1v̄53v and/orv̄2v5v in the ȳ direction, Eq.~20!
for Fig. 6, and in thex̄ direction, Eq.~13! and Fig. 2. Thus
both figures are similar due to the similar physical effects
the rotating frames@Eq. ~20! versus Eq.~13!#.

We next examine the casev5v̄50.057,b52v, Fig. 7,
for the y-z plane laser polarization,x-axis magnetic-field di-
rection compared to Fig. 3 for the same parameter butx-y
polarization,z-axis magnetic direction. Both spectra are qu
similar with only evenharmonics appearing. Finally, we i

FIG. 6. z-axis HOHG spectrum forI 51015 W/cm2, in the y-z
plane: v̄5b50.114 a.u.52v, v50.057 a.u.

FIG. 7. z-axis HOHG spectrum forI 51015 W/cm2, in the y-z
plane: v̄5v50.057 a.u.;b52v50.114 a.u.
04340
e

,

e
,

n

lustrate in Fig. 8 the casev̄5v50.057,b50.1, the com-
plete incommensurate case andy-z,x configuration versus
Fig. 4 for the same laser parameters but thex-y,zconfigura-
tion. The HOHG spectrum is nearly identical in both cas
with both even and odd harmonics appearing simultaneou

IV. CONCLUSION

One of the fundamental concepts in understanding HO
generation efficiencies is the recollision model of the ioniz
electron with its parent ion@2# or with neighboring ions in
extended systems such as molecules or clusters@3#. Low
efficiencies of HOHG are due to the electron wave pac
spreading upon recollision@1,2# after tunneling. Magnetic
fields can thus be used to squeeze, i.e., inhibit such wa
packet spreading, with the result that the HOHG efficien
can be somewhat increased@5,14,19#. Furthermore, the mag
netic bottle effect has helped confirm the recollision mo
of HOHG @5,19#. In the present paper, we have examined
effect of various orientations or configurations of inten
short circularly polarized laser pulses and magnetic fields
particular, we have examined a combination of two circula
polarized pulses which differ in frequency by 2v̄, wherev̄
can be tuned to the Larmor frequencyb of magnetic rotation
induced by a magnetic fieldB perpendicular to the plane o
circular polarization. It is in this configuration that the ma
netic field can enhance or hinder the circular las
polarization-induced rotation. Furthermore, for the reson
case,v̄5b, the electron–magnetic-field angular momentu
coupling can be suppressed when equations of motion
examined in the rotating frame of the laser polarization@Eqs.
~10! and ~16!#.

We find in general that the effect of the magnetic field
to remove the HOHG cutoff as predicted by Eq.~3! and to
extend plateaus with no limit in principle due to the nonse
rability of the electron Coulomb–magnetic-field Hamiltonia
@16#, thus resulting in continuous energy transfer to the el
tron in the presence of a strong laser pulse. Furthermore
the casev̄5b, where the magnetic Larmor rotation an
laser-induced rotation cancel each other@Eqs.~10! and~16!#,
leaving only the magnetic confinement potential 1/2b2r2, a

FIG. 8. z-axis HOHG spectrum forI 51015 W/cm2, in the y-z
plane: v̄5v50.057 a.u.;b50.1 a.u.
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more efficient HOHG spectrum is usually obtained with p
teaus reaching;2Up ~Figs. 1 and 6!. The frequency combi-
nation v̄5v5b/2 gives onlyevenharmonics~Figs. 3 and
7!, whereas the combinationv̄5vÞb gives both even and
odd harmonics~Figs. 4 and 8! for both laser polarization
perpendicular to the internuclear axis~z axis! or in the mo-
lecular plane~y-z!.

Figures 1–4 correspond to rotation of the ionized elect
around the internuclear axis~z axis! in the perpendicularx-y
plane. Figures 5–8 correspond to rotation of the ioniz
electron in the plane of the molecule, i.e., they-z plane,
where in principle the electron could be induced to colli
with neighboring ions. This has been shown previously
create even longer HOHG plateaus, up to 12Up in energy for
s.

s.

.

C
nc

04340
-

n

d

o

molecules extended to long internuclear distances.@6,27#.
The present calculations have been performed at the equ
rium distance,R;2 a.u., so that no marked difference h
been obtained between thex-y ~perpendicular to internuclea
axis! and y-z plane~plane of the molecule! HOHG spectra.
Current work in orientation dependence of HOHG in mo
ecules suggests enhancement of the efficiency with orie
tion @24,28#. We have found that for circular polarization
out-of-plane~Figs. 1–4! or in-plane electron rotation~Figs.
5–8! efficiencies are comparable due to the short equilibri
distance of the molecule. Laser- and magnetic-field-indu
recollision of electrons at large critical internuclear distanc
remains an intriguing possibility and is being examined
simulation.
ev.

d.

ev.

ys.
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