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Controlling harmonic generation in molecules with intense laser and static magnetic fields:
Orientation effects
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We solve exactly the three-dimensional time-dependent Satger equation for the & 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.
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I. INTRODUCTION Schralinger equation(TDSE) can be solved exactly9].
Thus the field-induced orbit [Eq. (2)] puts the electron well
Atoms and molecules subjected to long-wavelength inbeyond the maximum influence of the Coulomb field. The
tense laser light emit high-order harmonics because of noreffect of the laser field is to impose for linear polarization an
linear, nonperturbative interaction of the electrons with theoscillating amplitudex sin(wt) on the electron motion. This
intense radiation field and the ion core. Plateaus with wellinduces the electron to recollide with the nuclei at large
defined cutoffs are observed both experimentfllyand in  wavelength. A classicdl2] and semiclassicdl7] theory re-
simulations [2—-6] of high-order harmonic generation produces well the maximum HOHG cutdfq. (3)].
(HOHG). The physical mechanism for HOHG in atoms is HOHG as predicted by E{3) suggests that intense laser
now well understood. It has been shown that classical modfields can be used to produce coherent ultravi@led and
els apply and that electron rescattering of the ionized eleceven x-ray radiation by going to even higher intensities and
tron with the ion core is responsible for long plateaus and thehorter pulses, resulting in attosecond pulge®11. Thus
cutoff [2,7,8]. Thus at high laser intensities, two physical stretching the plateau to higher energies is a highly desirable
parameters describe the energy acquired by an ionizing eleendeavor. One method to achieve higher cuthffshas been

tron. suggested from numerical simulation: laser control of the
(i) The ponderomotive potential (1 au27.2 eV), ponderomotive radiua [Eq. (1)] using a combination of two
lasers,w+ 3w, and varying the phase between the two
U, (a.u)=eE¥4mw?=3.4x10"21 (W/cn?)\? (nm)(-l) [4,5]. Thus using a combination of fields

(ii) The ponderomotive radius (1 as0.0529 nm), E()=Eolcogwt) + scod3ut+4)], @
_ 2_ —12[1/2 2 we have been able to show that one can control in time the
@ (au)=eE/me’®=2.4x107" (W/em)x (nm)(,z) peak of the total laser field, and one can also control the
returning trajectorya of the electron in order to enhance
whereE is the peak field strength of a laser of intensity HOHG. This has been generalized to create attosecond
=cE?/8w and frequencyw. pulses[12,13.

The maximum number of harmoni&tm generated by an Since the mechanism of HOHG in Strong laser fields has
ionized electron in such a laser field has been shown thed€en established to be a recollision of the electron with the
retica”y [2_6] and experimenta”yl] to Obey the equation ionic core induced by the laser f|e|d, limitations on the effi-

ciency of HOHG have become evident. First, too high fields

Np=(,+3.1p)/ o, (3) cause much ionization, i.e., the HOHG intensity saturates

eventually[1]. However, one of the most serious problems is
where |, is the ionization potential antl, [Eq. (1)], the  the expansion of the ionized electron wave packet as it os-
ponderomotive energy, is the oscillating energy of the freeillates back and forth in the laser’s fie]@]. In order to
electron in the electromagnetic field. As an example, at &ircumvent this problem and enhance the HOHG process, we
wavelengthh = 1064 nm(yttrium-aluminum-garnet lasgfor ~ have proposed earlier using a combination of intense laser
which ©=0.0428 a.u.(1.16 eV}, then for the intensityl and magnetic field§14]. Basically, putting a magnetic field
=10 wW/cn?, one findsU,=10eV andag=14 A. This  of strengthB parallel to the electromagnetic fie[d5] puts
readily givesN,,=41 photons. Clearly the field-induced os- the ionized electron in a magnetic “bottle,” thus squeezing
cillation energyU , is comparable to the ionization enerly ~ the electron along the electric-field direction. In particular,
of an H atom(13.6 eV} or the molecular ion K" (30 eV), numerical results for the 44 molecule from the exact TDSE
two one-electron systems for which the time-dependenfor such a system have shown that one can indeed double the

1050-2947/2003/68)/0434087)/$20.00 68 043408-1 ©2003 The American Physical Society



A. D. BANDRAUK AND H. LU PHYSICAL REVIEW A 68, 043408 (2003

HOHG spectrum td\,,,, Of about 100 with a magnetic field CAP(X,Y,zZ,t)

of about 18 G [14,15. One intriguing aspect of this new P =[Ho+Hi+Hgly(xy,z1), (6)
approach is the fact that this doubling of the HOHG spec-

trum must arise from high-energy Landau levels, which areyhere

known to autoionize in an H atom as a result of nonsepara-

bility of the Coulomb plus magnetic-field systdr6,17. 2m,+1[ 2 9> §?
Current experiments at the Florida High Magnetic Field Ho=~m |aet oy T o2
Research Facility hold the promise to achieve magnetic P
fields around 10 G with millisecond duratioi18]. The cru- 1
cial parameters in designing experiments to control electron B [X?+y?+(z=R/2)2]Y% )
recollision with nuclei using simultaneous intense electro-
magnetic and magnetic fields are the cyclotron ra8igsnd H,= kE, cog wt)[x coq wt) +y sin(wt)]

frequencywsg, i.e.,

E
:K?"[x cos(w+@)t)+y sin((w+ @)t)]
RB: mU/e’)/Bo, wpg= ’yBolm, (5)

+ K%[X co(w—w)t)+ysin((w—w)t)], (8)
where y=B/B,, By=2.35x10° G, the atomic unit of the
magnetic field. Current available field strength corresponds
to y=10"3. We have previously proposed combinations of Hg= B¢, +3B%p%— B, €,=—i
parallel intense short laser pulses and static magnetic fields

in order to create a “magnetic bottle” along the internuclear T
R axis in order to increase HOH[A4] and charge resonance p=(X"+y)™s, 9
enhanced ionizatiofCREI) [16]. Such an approach has been )

generalized by adding also a static electric field in order t@nd x=(2Mp+2)/(2m,+1), m,=1837 is the mass of the
confirm the “three-step” model of HOHG in atomi@g].  Proton,5=B/Bg, andBy=2.35x 10° G, the atomic unit of
Further progress in density-functional thed®FT) has re- the magnetic field. We ngglect hgre the effect o_f the magnetic
sulted in the generalization of the Kohn-Sham equations ifi€ld on the nuclear motiof25] since the resulting Lorentz

-1 i i i
order to include magnetic field20]. There is thus a growing Orce scales as/c= 137 for one atomic unita.u) of velocity
theoretical framework to consider magnetic-field effects i

1% d

Xw—ya

nand should therefore be negligible for the proton whose mass

molecules. In the present paper, we extend our previous wor 1837 a.u. Our model therefore consists of "Haligned
[14,15 in order to study a combination of short intense laseMith the z axis in the presence of a static magnetic field of
pulses of different polarization with static magnetic fields ofStrengthB parallel toz (internuclear axisR). The magnetic
different orientation. We present here solutions of the TDSEi€ld induces angular momgntug@zaround the molecular
for 3D H," (Born-Oppenheimerusing a newly developed XIS and a conflnmg potentigi3%p? perpendicular to that
adaptive grid method for time-dependent molecular prob@Xis (the diamagnetic energyThe parameter that character-
lems [21]. Orientational and geometric effects on CREI in iZ€S the magnetic confinement is the Landau radius due to
H,", H,, Hs2*, and H have been previously examined harmon1|/02 motion in tha'g cpnfmmg potential, i.eR,
numerically from the corresponding 2D TD$E2,23,9and = (2/8)"" Thus a magnetic field of strengf=0.1 (2.35

this has been extended to HOH@4]. We complete such X 10% G) will induce a Landau radiuR=4.5 a.u. arouna

previous studies by including magnetic-field effects. (R—molecular axiz The modulated field in Eq8) corre-
sponds to two circularly polarized fields which differ bw?2

in frequency. Atw = w, this becomes a single circularly po-
Il. HOHG WITH CIRCULARLY POLARIZED LIGHT larized field of frequency @ in the presence of a static elec-

(x-y PLANE) AND MAGNETIC FIELD (z=R AXIS) tric field along thex axis. -
Applying the unitary transformationT =exp(—iwtf,),

In our previous work on electron confinement by a mag-yhich is a rotation around the z direction by the angl@t,
netic field[14] in a 2D H atom, we examined the effect of a gjves the new Hamiltonian

circularly polarized laser pulse perpendicular to a static mag-
netic field. Thus both laser and magnetic fields induce rota- H'=Hgy+38%p%+(B—w)l,+XEgcogwt).  (10)
tion about the same axis. Modulating the laser field fre-
quency allowed for control of the high-order harmonic The new Hamiltonian exhibits a magnetic confinement po-
generation along one direction perpendicular to the magnetitential 2 82p?, a rotation term g—w)€,, and a linear driv-
field. In the present case, we generalize this example of lasémg field termxE, cos(t) in the frame rotating at frequency
control of HOHG for the H* molecular ion. w. This last term will give rise to a ponderomotive energy
We begin with the exact 3D Hamiltonian of,H with Up, Eqg. (1). The model of HOHG via recollision of the
static(Born-Oppenheiméemuclei[3,5,6] adapted to the mag- ionized electron with the ion core predicts a maximum har-
netic problem described aboVé&6] (we use atomic units: monic order given by Eq(3) [2,6—8. We note here that
e=fi=my,=1), sincex is not diagonal in the angular momentum quantum
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numberm (around thez axis), the last laser-driving term in Z=7.
Eq. (10) couples different angular momentum terms, thus
also pumping energy into circular motion. . This transformation implies the rotation
In the present paper, we use another approach in order to
simplify the numerical procedure to solve the TD&E We X iy
eliminate the Larmofmagneti¢ rotation 8¢, by the coordi- i BY, rinie BX, (12
nate transformation,
X= +x cog Bt)+y sin( Bt), i.e., rotation arouna at the frequency3 instead ofw as in
Eqg. (10). Using the new coordinate system, the TD&&
y=—xsin(Bt)+y coqBt), (1)  becomes
|
IP(X.Y,z,t)
I —

o LHot 2B%p?= BlU(XY,z,t) + kEg cOg wt)[X co(w— B)D)+Y sin(w— BD]Y(XY,z1). (13

We note that, in Eq. (6) remains unchanged. An advantage ture appearing at low harmonic order. We note that »
of the new TDSE(13) as compared to Eq10) is that the =2.750, w— w=0.750. The splitting observed corresponds
linear laser driving term is no longer confined to one direc-to the frequency differencé=2 (v — ), since two frequen-
tion, thex axis, but involves now time-dependent variablescies w+ » and w— w are exciting the molecule. The spec-
X,¥, Eg.(11), which depend on the magnetic-field stren@gth trum shows minima and maxima arising from interferences
and are circular in the& andy coordinates. We note that at between different recolliding electron trajectories, which are
B=w, both Egs.(10) and (13) become equivalent witkk  expected to occur in the low frequency range used here
transformed tox. [2,6,19. However, no sharp cutoff or maxinid,,, are ob-
The new TDSE, Eq(13), is solved using our new adap- served in the circularly polarized case with a magnetic field.
tive grid numerical method developed to treat molecular 3DThus a maximum around,,=1,+2U,=95w, expected for
problems in Cartesian coordinatE®l]. Calculation of the ionized but confinedby the diamagnetic energglectrons,
HOHG spectrum is achieved by calculating the time-is found to be followed by further progression of the har-
dependent average value of the induced dipf326] from  monic spectrum. This is an indication of the original idea
the exact wave functions(x,y,z,t), d(t)=(y¢|d|¢), with  that a combination of magnetic fields and laser fields should

components enhance energy pumping into ionized electrons and extend
_ _ HOHG plateaus for both linearly polarized and circularly
X(t)=xcog Bt) —y sin(Bt), polarized laser field§14]. This is achieved by confinement
. . of the ionized electron by the magnetic field and the motion
y(t)=Xsin(Bt) +y cog Bt). (14 is mainly in thex direction, Eq.(10).

. . . . The above nondegenerate frequency configuration, where
Fourier transforming these time-dependent dipoles to fre-

wtw=27%, o—0=0.75%, andw= 8= 1.750, produces
quency allows us to reconstruct the power spectrdifw) |?.

We have performed calculations at the intenslty 0
=10 W/cn? corresponding to an electric-field strength
Ey=0.16885 a.u., wavelengtk=800 nm or frequencyw
=0.057 a.u., and magnetic-field strengdk-0.1 a.u. giving
rise to a Landau confinement radiis = (2/8)Y?=4.5 a.u.
The corresponding ponderomotive energyU§=E§/4w2
=2.2a.u=3%. We present results at the equilibrium dis-
tance of H", R=2a.u. so that the ionization potentig)
=0.5+1/R=1a.u=17.6w. Therefore, for linearly polarized
light, the maximum number of harmonics expected is from
Eq. (3), N,,=140. Calculations have been performed with a
linear pulse rise of five cycles (one cyel@.7 fs) and then a
constant field to 25 cycles.

We illustrate in Fig. 1 the HOHG spectrum along tke
direction perpendiculafthe y direction is identical to thez
(internucleay axis for magnetic-field strengtB=0.1 andw FIG. 1. x-axis HOHG spectrum fot =10 W/cn®, in the x-y
=p>w (e, w=0lau=175w=450nm) at | plane: w=pB=0.1a.u.;w=0.057 a.u. £=800 nm) for 3D H*
=10" W/cn?, \=800 nm. The inset shows the fine struc- atR=2 a.u.
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FIG. 2. x-axis HOHG spectrum fot=10'® W/cn?, in the x-y

- i = 5 i -
plane: w- B—0.114 a.u=2w: w=0.057 a.u. k=800 nm). FIG. 4. x-axis HOHG spectrum fot= 10" W/cn?, in the x-y

plane: w=w=0.057 a.u.;8=0.1a.u.

only odd harmonics that are split due to the sum and differ-
ence frequencies+w and ow— . Changing now to the
degenerate regime=8=2w produces effective field fre-
guenciesv+ w=3w andw— o= w. In our previous study of
HOHG control without magnetic fields, sue 3w combi-

tric field along thex axis. The net effect is to produce a pure
evenHOHG spectrum and no line splittings, Fig. 3. Since in
a zero magnetic field, HOHG with a single circularly polar-
ized laser field is not possible due to photon momentum
conservation, the present configuration, where the frequency

hation _W'th linear polarization was shown to lead to a Smallof the circularly polarized laser is resonant with the magnetic
extension of plateaus beyond the classKgllaw (3) [4,5]. | 3rmor frequency, introduces copious harmoni¢so vis-

n Fi_g. 1 corresponding to the nondggenerate case, high iNple cutoff in Fig. 3 which are all even. The magnetic field
tensities and much longer harmonic progressions are Ol ;s creates Zeeman levels whose energy separation is pre-
tained with no definite cutoff. In the present degenerate CaSeisely B [Eq. (9)], which are excited by single-photon tran-

long progression persists but intensities are much lower, Fi ition at frequencys + @ = 2w= . This appears asvenhar-

2. We surmise that this is due to the fact that the Larmory, ,hies: however, we emphasise that it is the presence of the
frequency, B=2w, is now nonresonant with the effective

. magnetic field and the static electric field which creates the
laser frequenciesa3 and w. We note further that due to the

; S even HOHG spectrum. Comparing Figs. 1, 2, and 3, in the
commensurate frequencies2w,3w present no splitting of first two Figures onlyodd harmonics appear since no sum
the odd-only harmonics occurs, Fig. 2.

+o iff w—o f Eq. i
We confirm this hypothesis by presenting in Fig. 3 the, o or differencew — w frequency[Eg. (8] is resonant

etely d = 37— 0.057 o ¢ with the Larmor frequency3, whereas in Fig. 3 onlgven
completely degenerate case=w=//2=0.057 a.u. One el- 5 onics appear since the sum frequeaeyw is equal to
fective laser frequencyw+w= /3, appears now since

g X B. The sensitivity to resonant and nonresonant conditions is
—w=0. Thus from Eq/(8) we note that this degenerate fre- f, ey confirmed in Fig. 4, where we show the HOHG spec-
guency configuration corresponds to a single circularly PO%a for w=w=0.057 and B=0.1. Since w+w=0.114

Iﬁand fleldfat frequency 'g _ther>1<-y plane in re?onancg W'lth whereasw — w=0, we find now that both even and odd har-
the Larmor frequencys and in the presence of a static elec- iy picq appear simultaneously with near equal intensity in

this nondegenerate case because of the presence of a static
electric field along the axis[Eq. (8)]. The HOHG spectrum
shows again a very extended spectrum with no visible cutoff
corresponding to Eq.3).

0
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We now generalize the previous perpendicular laser polar-
ization and magnetic-field orientation {6z plane confine-
ment, wherez||R is the molecular internuclear axis. For the
laser-molecule interactiod; we now write

Log 1¢(Power Spectrum)

=7 - i ; ' H,= kE, cog wt)[y cog wt) +z sin(wt)] (15)

100 150 200

H ic Order [X axi _ . _—
armonto Order [X axis] with w= 3, the Larmor frequency. This Hamiltonian repre-

FIG. 3. x-axis HOHG spectrum fot=10'" W/cn?, in thex-y  sents laser-induced rotation of the electron in yheplane,
plane: w=w=0.057 a.u.;8=2w=0.114 a.u. so that the electron can now in principtellide with the
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protons separated by distanBealong thez axis. This is a As in the previoux-y plane regime, we choose rotating co-
generalization of the laser-induced recollision mgd@lap-  ordinates in order to eliminate angular momentum terms in
plied now to molecule$6]. The magnetic field is chosen to the Hamiltonian(16). Thus setting

be oriented along the axis in order to enhance or hinder the _

laser-induced electron rotation in tlyez plane, wheref ,= X=X,
—i[y(al9z) —z(al dy)]. Applying the unitary transformation o .
T=exp(—iwtf,) gives the new Hamiltonian from Eq$6) y=y cos ft) +zsin(Bt), (17
and(15), Z=—zsin(Bt)+zcog Bt),
H=Hq+3B%(y*+2%) +(B—w){,+YyEscog wt). . which implies
16
Y
From Eq.(16) we see now the appearance of the diamagnetic St PT =B (18)

confinement term and rotation in tlyez plane. In this rotat-
ing frame, the electron is now being driven along yhexis.  we obtain the transformed Hamiltoniddy,

P L

2 1
My + ﬁJrﬁJrﬁ)—{Y2+V2+(?iR/Z)Z]iR[Vsin(ﬂt)Jr?cos{,Bt)]}1’2, (19

4m,

0=

and the new TDSE in the new coordinatesy( z),

L IP(X.y.Z,1)
I—

= {Hot 3BAYEHZ) — B+ kEo cog [V Cos(0— BIDFZSi(@- AIDTHUKY.ZD. (20

In this new rotating coordinate system, the protons rotatéo each other(y-z plane andx axis) but the electron now
themselves at positiong/z) = + (R/2) (singt,cosBt). Solv-  circulates in the molecular plang-z plang. This symmetry
ing the TDSE(20) allows us to calculate the time-dependentbreaking can be seen clearly by comparing the rotation frame
averages, e.g{#(X,y,z,t)|d|¢(X,y,z,t)), of the induced di- equations(13) and (19). Thus in Fig. 1, at frequency
poles, =3, the electron is driven along theaxis but the field-free
HamiltonianH, is symmetry-conserving in the-y rotating
y(t)=y(t)cog Bt) —z(t)sin(Bt), frame. In the second case, Fig. 5, the field-free Hamiltonian
Ho (19 is non-symmetry-conserving in the rotatingz
Z(t) =Yy(t)sin(Bt) +z(t)cog Bt). (21)  plane, with the nuclei now rotating themselves with coordi-

nates p,Zi.

Fourier transforming these laser-induced dipoles gives the We next compare the case=B=2w, wherew=0.057.
power spectrunid(w)|? as a function of the frequenay. Thus for the(y-z). pllane Iaser po]arlzatlon(—aX|s magnetic-
We examine first the cas@=p=0.1, w=0.057 for field direction this is shown in Fig. 6 for HOHG along the

which from Egs.(16) and (20) the main effect of the elec-
tromagnetic field is to drive the electron along theirection

in the y-z rotating frame. Figure 5 shows the corresponding
HOHG spectrum in the direction (y-z plane. This is to be
compared to Fig. 1 where the effective driving motion of the
electron is in thex direction but in the(x-y) plane, Eq.(10).

In the latter case, only odd harmonics split into twa—
+w=2.7%, w— w=0.75%0—appear, whereas in Fig. 5 both
even and odd split harmonics now appear simultaneously
with equal intensity. Thus Fig. 5 corresponds to all even and
odd harmonics split in two, whereas Fig. 1 contains only the
odd harmonics with the same splittings;+ v and w— .

The HOHG spectrum in thg direction is identical to the
spectrum. We note that the even-odd harmonic spectrum in ™ | 50 100 150 200
Fig. 5 as compared to the odd harmonic spectrum only in
Fig. 1 reflects some symmetry breaking in the first, i.e., in
the configuration where both counter-rotating circularly po- FIG. 5. zaxis HOHG spectrum fot =10 W/cn?, in they-z
larized laser fields and the magnetic field are perpendiculaslane: w=8=0.1 a.u.;0=0.057 a.u. {=800 nm).
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FIG. 8. zaxis HOHG spectrum fot=10" W/cn?, in they-z

FIG. 6. z-axis HOHG spectrum fot =10 W/cn?, in the y-z i
plane: w=w=0.057 a.u.;3=0.1a.u.

plane: w=8=0.114 a.u=2w, ©=0.057 a.u.

axis (they axis gives similar resulisWhen compared to the Ustrate in Fig. 8 the case=w=0.057, 3=0.1, the com-
identical laser—magnetic-field parameters ug) plane and plete incommensurate case agéz,x configuration versus

z axis configurations, Fig. 2, one basically obtains the sam&'9- 4 I]or the same laser pellramet(Trs. butgk}elzponfigrl:ra-
spectrum especially in the detailsee the insets of Figs. 2 Uon- The HOHG spectrum is nearly identical in both cases

and 6. Only odd harmonics appear with similar intensities,With both even and odd harmonics appearing simultaneously.

i.e., intense first and third harmonics, followed by a long
plateau. Thus although from E@L6) one would expect that IV. CONCLUSION
at w= B the magnetic coupling vanishes in the rotating frame

for both Figs. 5 and 6, thus producing similar HOHG spectra, One .Of the fu.ndamer_\tal concepts .in understanding' HQHG
we must emphasize that in Fig. &= 8+ w, whereas in Fig. generation efficiencies is the recollision model of the ionized

6, @=B=2w. Thus in both cases, the magnetic Couplingelectron with its parent iofi2] or with neighboring ions in
térm (B—w)ly, Eqg.(16), vanishes, E)ut the commensurabil- ex'Fe_nde(_j systems such as molecules or clug@sLow

ity w=2w results in two effective laser fields with frequen- efficiencies of HOHG are due to the electron wave packet
ciesw+ =3 and/ore— w=w in they direction, Eq.(20) spreading upon recollisiofl,2] after tunneling. Magnetic
for Fig. 6, and in thex direction, Eq.(13) and Fig, 5 .Thus fields can thus be used to squeeze, i.e., inhibit such wave-
both figures are similar due to the similar physical effects inpacket spreading, .W'th the result that the HOHG efficiency
the rotating frame$Eq. (20) versus Eq(13)] can be somewhat increasgsj14,19. Furthermore, the mag-

We nex?examine?ﬁe Ca%E— &= Oq057 Bsz Fig. 7 netic bottle effect has helped confirm the recollision model

for they-z plane laser polarizatiorx-axis magnetic-field di- of HOHG[5,1.9]. In the pre_sent paper, we ha\(e exam|.ned the
rection compared to Fig. 3 for the same parameterxoyt effect pf various orientations or configurations (_)f intense
polarizationz-axis magnetic direction. Both spectra are quiteShort circularly polarized laser pulses and magnetic fields. In

P : : . : : ticular, we have examined a combination of two circularly
similar with only evenharmonics appearing. Finally, we il- particurar, ; . . — —
y PP g y polarized pulses which differ in frequency byw2 wherew

can be tuned to the Larmor frequengyf magnetic rotation

’ 2 induced by a magnetic fielB perpendicular to the plane of
4 circular polarization. It is in this configuration that the mag-
5 j: netic field can enhance or hinder the circular laser
10 ] polarization-induced rotation. Furthermore, for the resonant
12 case,w= B, the electron—magnetic-field angular momentum
o -14 : T - — - coupling can be suppressed when equations of motion are

examined in the rotating frame of the laser polarizafigégs.

) (10) and (16)].

We find in general that the effect of the magnetic field is

5 to remove the HOHG cutoff as predicted by Eg) and to

extend plateaus with no limit in principle due to the nonsepa-

rability of the electron Coulomb—magnetic-field Hamiltonian

20 o 0 100 150 200 [16], thus resulting in continuous energy transfer to the elec-

tron in the presence of a strong laser pulse. Furthermore, for

the casew= B, where the magnetic Larmor rotation and
FIG. 7. z-axis HOHG spectrum fot=10" W/cn?, in they-z  laser-induced rotation cancel each otftegs.(10) and(16)],

plane: w=w=0.057 a.u.;3=2w=0.114 a.u. leaving only the magnetic confinement potential @%a2, a

Logqg(Power Spectrum)

Harmonic Order [Z axis]
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more efficient HOHG spectrum is usually obtained with pla-molecules extended to long internuclear distan¢6s27].
teaus reaching-2U, (Figs. 1 and & The frequency combi- The present calculations have been performed at the equilib-
nation w= w= B/2 gives onlyevenharmonics(Figs. 3 and rium distance R~2 a.u., so that no marked difference has
7), whereas the combination= w+# 8 gives both even and been obtained between tikey (perpendicular to internuclear
odd harmonicgFigs. 4 and 8 for both laser polarization axis) andy-z plane(plane of the moleculeHOHG spectra.
perpendicular to the internuclear axsaxis) or in the mo-  Current work in orientation dependence of HOHG in mol-
lecular plangy-2). ecules suggests enhancement of the efficiency with orienta-

Figures 1—4 correspond to rotation of the ionized electrortion [24,28. We have found that for circular polarization,
around the internuclear axig axis) in the perpendiculax-y  out-of-plane(Figs. 1—4 or in-plane electron rotatiotFigs.
plane. Figures 5-8 correspond to rotation of the ionizedb—8) efficiencies are comparable due to the short equilibrium
electron in the plane of the molecule, i.e., the plane, distance of the molecule. Laser- and magnetic-field-induced
where in principle the electron could be induced to colliderecollision of electrons at large critical internuclear distances
with neighboring ions. This has been shown previously toremains an intriguing possibility and is being examined by
create even longer HOHG plateaus, up tt/12n energy for ~ simulation.
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