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Enhanced ionization of the molecular ion H* in intense laser and static magnetic fields
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The three-dimensional time-dependent Sdimger equation is solved exactly for the Hmolecular ion as
a function of internuclear distandein a short intense laser field pulse and a static magnetic field, parallel to
the internuclear axis, using a numerical integration method. Previous calculations of laser-induced ionization in
this ion for zero magnetic fieldPhys. Rev. A48, 3837(1993; 52, 2511(1995] demonstrated the phenomenon
of charge-resonance-enhanced ionizatiGREI) at critical distance®R,, due to Stark displacements of the
lowest unoccupied molecular orbitdlUMO) above internal proton Coulomb and static laser field barriers.
The presence of the magnetic field allows for controlling the energy displacements of the LUMO and conse-
quently control of CREI, thus confirming CREI as a quasistatic electron tunneling process in the nonsymmetric
double-well potential created by protons and a laser field.

PACS numbd(s): 42.50.Hz, 32.60ki

I. INTRODUCTION of R,= 3/l is obtained by considering that electron localiza-
C p
tion occurs when the quasidegenerate valence molecular or-
Dissociation of molecular ions by strong static electricbitals fall below the internal field free Coulomb barrier
and magnetic fields was initiated in the 1960’s, and moti{11,12. This picture neglects the important Stark shifts of
vated by possible applications to particle accelerators anif'® highest occupied molecular orbitdfOMO) and the
fusion deviceg1]. It was shown then that the static electric LUMG) which are coupled by the large radiative interaction

) . R)E respectively.u(R)=R/2 for H,*, and is due to a
fields of the order of 1 V/A would severely distort molecular A 2

. : . . ) 2 charge resonanc€CR), electron transfer between the two
potentials, thus inducing field dissociatigd—3|. Intense g LR

L ; guasidegenerate orbitals at larBea concept originally in-
magnetic fields, on the other hand, predicted that one cagioguced by Mulliken to explain intense electronic absorp-

stabilize molecular ions, and even change their geometry agn bands in symmetric moleculé3]. We have shown pre-
in the case of K" in some starp4]. Current laser technology viously that it is the laser excitation of the LUMO which
provides for the creation of intense laser pulses whose pegkopulates it continuously as the laser changes pHaké5|.
intensities approach the atomic unit of intensityy,  In actual calculations, no localization of the electron in the
=cE§/4w=3.5>< 10*W/cn? corresponding to the atomic LUMO is observed[7-9] due to the rapid ionization.
unit (a.u) of electric fieldEg=e%a3=5x10° V/cm, where ~ The relevant physical scales are the photon frequeBcy
ap=1a.u=0.52x 108 cm. The atomic unit of the magnetic X 10314 3714 at \=1064 nm, ionization rates [7-12]
field is By=2.35x 10° G, and has not yet been achieved, but(10*~10"s™*) and the zero-field tunneling frequency of the
pulsed fields of 10°B, are now attainablé5]. electron between the two wellsiw=¢1, (R) ~&14 (R)

In the present work we shall investigate the effect of suchwhich is R dependent. AtR=6 a.u. in the case of H,
intense magnetic fields on a nonperturbative phenomenofus, ~ &1, =0.48 €V, = 4000 cm?, then w=10"s"
occurring in laser-molecule interactiomharge-resonance [16]. Thus all three time scales—photon, ionization and in-
enhanced ionizatiofCREI), first discovered in numerical ternal tunneling—are of the same order. This is the main
solutions of the time-dependent Sctimger equation difference between atoms and molecules. Thus for atoms di-
(TDSE), for H," as a function of internuclear distané  rect field-induced static ionization rates over barriers are a
[6,7]. It was shown that ionization rate maxima occur atuseful concept for understanding low-frequency, high-
large critical distance®;, and that these maxima can be intensity atomic multiphoton processglr—19. Symmetric
explained as ionization of the electron from a Stark shiftegmolecular ions with H™ as the prototype have important CR
lowest unoccupied molecular orbitdlUMO), the 1o, or- trafsmqns, e.g., through thes}-1o, molecular orbitals in _
bital in the case of K. This LUMO finds itself displaced H,™ which act as doorway states. This makes molecules dif-

over and above the net static Coulomb barrier created by thigrent from caéoEmg’ ‘ige to the presence of the nonlinear phe-
protons and the peak electric field of the laser in a narrow'°menon: [6-10. .
In the present work, we develop a numerical scheme for

) S . 3
region around the critical distand®. For H," and other calculating ionization rates of H in the presence of an in-

odd elec”g{‘ diatomicR; ha_ls bee_n S_hOV_V” to be4/_lp and tense magnetic field. We have previously shown that mag-
5N, for Hy™" [8,9], wherel, is the ionization potentiale.g.,  eic fields parallel to the laser field and the molecular axis
0.5 a.u. for a three-dimensional H atbrithis LUMO model 51 extend high-order harmonic generation to higher order
has also been confirmed to hold for nonlinear molecular iongnan without a magnetic field, due to the confinement and
[10]. Such a mechanism of over-barrier ionization was sugrecollision of the electron with the parent i¢@0]. In the
gested as early as 1989 in Rgt1], based on the intuitive present case, we present a more accurate three-dimensional
picture of partial localization of the ionizing electron in ei- (3D) numerical method which will be used later for a previ-
ther upper or lower wells created by the net nuclear Coulomlpus proposed scheme of controlling harmonics in the pres-
plus laser field potentials. Based on this picture, an estimatence of magnetic fieldg21]. In the present work we show
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that strong magnetic fields allow for the control of CREI in R, =14 a.u. This is the size of the circular radius for electron
H," via the variation of the energy of its LUMO, thus con- harmonic motion in the direction (around thez axis) in-
firming its role as the doorway state for multiphoton ioniza-duced by the magnetic field.
tion of molecular ion47-10. The first numerical solution of the #1 TDSE in a laser
field was obtained foaligned andfixed nuclei using an ex-
pansion in terms of eigenfunctions of the cylindrical Laplac-
II. TIME-DEPENDENT HAMILTONIAN ian, 9%/dp®+ (1lp)dldp [24]. These eigenfunctions which
AND NUMERICAL METHOD are Bessel functions of zero order, reduced the dimensional-
ity of Eq. (1) to 2, i.e.,zandR, and furthermore removed the
order harmonic generatiofHOHG) by a static magnetic Coulomb singularity due to the el_ectron proton intergction at
field for a 3D H," molecular ion in both a linearly polarized 4~ +R/2 and p=0. However, this _Coulomb potentlal_ be_-
laser field and an ultrastrong static magnetic field parallel t¢OMes a large matrix in such a basis set, thus necessitating a
the laser polarization and molecular axf&0], and a 2D igh-order split-operator methd@5] for solving the TDSE

model of the hydrogen atom in both a circularly polarized©r Static nuclei6,7], but also with moving nuclei26]. We

laser field and a magnetic field perpendicular to the laserave also used previously three-dimensional Cartesian finite-

field polarization[21]. Recent work on HOHG in atoms in €lement(FE) methods27] for molecular TDSE's. Such ba-

the presence of combinations of static electric and magnetie'S SetS h%\’e ﬂ:je d%sirablr-_: advantage of .beiTg very fllexibLe,
fields has demonstrated extension of the harmonic order artP@nning bound and continuum states simultaneously. The

further confirmation of the electron-ion recollision model for Price for such flexibility is that since FE bases are local, a
HOHG [22]. large number of bases are required to cover adequately the

global behavior of the exact time-dependent solution. An-
other choice is to solve E@l) in prolate spheroidal coordi-
nates which is separable in zero field. Then doing a complex
energy Floquet expansion with Laguerre and Legendre poly-
nomial basesthe eigenstates of the zero field probjemne
can extract field-induced shifts and widths corresponding to
adiabatic field conditionf28].

Another approach is to use adaptive space coordinate or
P(z,p,t) grid methods, which look particularly promising for density-
functional approaches due to the reduced dimensionality of

We have previously demonstrated the control of high-

The total 3DelectronicHamiltonian of B for fixed nu-
clei at a distanceR in a magnetic fieldB and laser field
E(t)coswt), both collinear and parallel to the axis (the
internuclear axis is given in cylindrical coordinatep
:(X2+y2)1/22 by

# 19 &
—+t-——+—=
dap pdp 0z

,(M(z,p,t)_ 2mp+1
T | Tam,

1 the electronic problem29]. Recently Kawata and Kono de-
T [z=RR2) T 2 W(z,p,t) veloped such an adaptive grid representafidd] for H,",
i.e., using a generalized cylindrical coordinate systgem
2my+2 =f(p) and z=g(p) wheref and g are polynomials, they
| om g1 2E(Dcos wt) have improved on the treatment of the wave function near
P the origin, which can create considerable difficulty(imi-
B2 form) discretized grid approach¢g0].
+_p2_ﬂ w(zap!t)' (1) | i
2 n the present work we adopt a more general nonlinear

coordinate transformation in order to obtain a variable, non-
uniform grid, dense at singularities and equidistant asymp-
This corresponds to a molecuddignedby the laser field, as totically. Thus we choose the general transformatjon
expected for such high intensitidd0]. In the electronic =T(p), z=T(Z) with
Hamiltonian[Eg. (1)], we have used atomic unita.u) (e N N
=fi=me=1) B=BIB, where By=2.35x10° G. This T(u):u(u +sp
Hamiltonian is the exact three-body Hamiltonian for fixed u"+p"
protons aligned with the laser and magnetic fidlolstained ) ] ] )
after separation of the center of mass motjah. Further- Wherenis an even integep=0 representing the domain of
more we have kept the last termB, the spin-Zeeman effect 9rid refinement, and €s<1 is set to be the minimum of
needed to obtain the exact initial ground stg28]. Hamil- DT/Du. This is necessary to insure that the grid is concen-
tonian(1) does not contain the orbital Zeeman tegin, [1], trated near the singularities. The properties of this transfor-
since our initial electronic state is the zero orbital momentunination are(setting primes equal to derivatives
state r,, and the laser fieldE(t) is linearly polarized n
[20,21] aglong thez axis. The second term is the Coulomb T(u)=1+(1-s) (n—l)[1+(u/p)2]—n,
potential from the two protons on thzeaxis at+ R/2. f2p?/2 [1+(u/p)"]
is the diamagnetic energy term acting as a parabolic barrier
(magnetic bottlgin the p direction, giving rise to magnetic T'(0)=s, T'(»)=1,
confinement in that direction. The parameter that character-
izes the magnetic confinement is the Landau radius defined T'(p)=1+ (1=s)(n-2) @)
by R, =(2/8)Y2. Thus for =10 2B, or B=2.35x10’ G, 4 '

, @

()
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p(a.u.)

Z<0 (0,0) Z>0 (a.u)

FIG. 1. Adaptive grid used to solve the TDSEQ. (1)], with
variable coordinatep andZ [Eqg. (2)]. Grid points become equidis-
tant at largep andz

For n=4, s=0.2, andp>0, in Fig. 1 we illustrate an ex-
ample of this new adaptive grid for cylindrical coordinates.
As a result of the normalization condition
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Condition (9) at thep origin is equivalent to the symmetry
conditiony(— p) = ¢(+ p) imposed previously by Zuet al.

[20] in the standarduniform) grid formulation of the prob-
lem. However, this necessitated doubling the grid domain to
[ = Pmax.Pmaxl, Whereas in the present adaptivenuniform

grid method the boundary condition is directly applied. Two
choices are available for imposing this boundary condition:
at the nuclei or between the nuclei. It is found that one can-
not efficiently impose the boundary choice at the nuclei due
to Coulomb singularities, but one must opt for positions be-
tween the nuclej32] for most efficient convergence.

For the time propagation, we choose an alternating direc-
tion implicit method for all Laplacians terms, since fast Fou-
rier transform methods for nonuniform grids are inefficient
in general. We use a direct exponentiation method for the 3D
Coulomb potential in Eq(1). Each time propagation step for
the lengthzE(t) gauge is chosen as

~ ot ]t ot ot
2 o P(t+6t)= 1+IZAP ex _IZA” l_IZAP
| [ slutdpaz=| [ pprapaz-1, @ L :
ot .ot ot
) X\1+i——Az| exp —i—A,||1-1—-+-Az
the new transformed function becomes 4 4 4
~ e~ 1S ot -t ot
b=[T' BT @], (6) X|1+iLA, exp( —i ZAU)
and the new Laplacian in El) is transformed according to St
~ X[1—i—A,|9(1), 10
1 9y 1 9 Y 4 "}w( ) o
pap (THY¥p dp (THV* where
Py 1 9149 ¥ @ 2my+1[ 1 9 1 9 1
_ - , - _ -
ap? (TP ap T ap (T o amy (0N p" (P
~ 2
(3’21// 1 g 1 9 Y + 1 i ! _|_(ﬂ_ 2_ ” 11
Z TR RT 7T o7 2R
Each differential operator in Eqs$7) is then discretized _2mptly 1 9149 1
by a seven-point difference formula which has fifth-order 0 am, ()P azz 92 ()P
accuracy as compared to the three-point method in [R6f. o 42
which gives second-order accuracy only. It was recently Mp
demonstrated that such three-point formulas can be made * 2m,+1 E(hzcodwt) ), (12
exponentially convergent by a variational formulati81i].
However, for the present time-dependent problem, where A,=[(z=RI2)%+p?] 12 (13

one must iterate the spatial discretization in time, such a _ .
procedure is time consuming; it has not yet been impleOne can also propagate the TDSE in the velocity gauge by
mented here, but is investigated further for Cartesian coordithe unitary(gauge transformatior{ 3]

nate[32]. o 1T (1 5
) . L m s
We impose the following boundary conditions: o expl —i f f E(rdr| ds
_ 4mp o\ Jo
=0 at p=pmax and [z|=2zna, 8 .
~ —iz | E(s)ds}, 14
i JO (s) } (14
== 0 at p=0. 9
P which gives the new TDSE,
Pmax aNd z,,, are the maximum sizes of the grid, and anni- 5 1t
hilation of the wave function at those limits is obtained by i a—w:How—i My j E(s)ds ‘9_‘//’ (15)
applying an artificial absorber of the type &8@) [20]. ot 2m, Jo 9z
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—e— ER, Grid 1, dz=0,15, dt=0.015
—e— ER, Grid 2, dz=0.25, dt=0.033
30 | —a— ER, Grid 2, dz=0.15, dt=0.015
—— ST, dz=0.25, dt=0.033
—e— ST, dz=0.15, dt=0.015

10 -

lonization Rate(10"/s)
o
lonization Rate (1012/5)

4 6 8 R(au) 10 12 14 4 6 8 R (a.u.) 10 12 14
FIG. 2. lonization rates as a function Bfin the length gauge FIG. 3. lonization rates as a function Bfat A\ =1064 nm and
(ER) [Eg. (10)] and space translatidiST) gauge[Eqg. (18)] for two | =10"W/cn? for different magnetic fieldg=B/B, in the space

different grid point distributions, grids 1 and @ee text at A translation gauge.
=1064 nm and = 10" W/cn?.

the convergence of this integration method for the two
gauges: lengtER) [Eq. (10)] and space translatio(BT)

[Eqg. (18)], and two different grids 1 and 2. The ionization
rate of H,* for a laser field of wavelength =1064 nm, in-
om-+1 (t  fs tensityl = 10*4W/cn? (a five-cycle rise of the pulgexhibits
P J dsf E(7)dr, (16 our previously published result: two maxima arouRe- 6

o Jo and 9.5 a.u., with rates exceeding that of the H atdin (
—o) by about one order of magnitude. A coarse giizl
=0.25a.u. andit=0.033 a.u[t (a.u)=2.42x 10" *'s] gives
o approximately a factor of 2 different between len¢gilh and
iﬁzHo(u)w, a7 ST (V) gauges. The finer griddz=0.15a.u. anddt

=0.015a.u. shows near agreement between both gauges. We

where the laser field is now included ki, through the dis- note that in _the ST gauge, pecause_ qf the m°""."9 coordi-
placed coordinates. This is equivalent to the space transla- "at€s there is no advantage in specifying the position of the
tion, representatiofid] generally used for high frequencies, 9id points. In the length gauge, as stated above, one can
but is also known as a Lagrangian system in classical fluid?SiSt On placing certain grid points at the proton positions,
mechanic$32]. This allows for a simplification of the propa- Where the Coulomb singularities ocdgrid 2), whereas grid

with H the field-free[ E(t) =0] Hamiltonian. This is noth-
ing but the Coulomb gauge, singe=id/dz [3]. Changing
variables once more to a Lagrangian moving system,

u=z+

2mp

gives the function/(p,u,t) which satisfies the TDSE

gation by the scheme 1 in Fig. 2 corresponds to the_ case where th(_a protons gnd
zero function boundary condition do not coincide. It is
_ st 171 St St clearly grid 1(®), with grid points avoiding the singularities,
P(t+ot)=|1+i ZAP exp( =i 7 Avﬂl—i ZAP} which gives closer agreement between the two gauges. It is

to be noted that ST result#, ¥) are very similar in spite of
-1 St the finer grid for the cas@# (dz=0.15) and closest to the
exp( u> grid 1 results(®). We also emphasize that the ST method,
which corresponds to a moving grid following the ionized
ot ]t electron at large distances, converges most rapidly due to its
2 1+ ZAP} better approximation of the inherent physics at large dis-
tances.
ot ) ~ In Fig. 3 we illustrate the same calculation as in Fig. 2 in
X exy{ - 'ZAv) 1- IZAP} ‘Mt)]* (18)  the ST gauge, but now with different values of the magnetic
field in a.u., 3=B/B,, whereB,=2.35x10° G. The most
where evident result is the suppression of the ionization maximum
around R=9.5 a.u., whereas the first maximum &

X

ot
1+i ?Au

ot
Xi1=1—+A,

_o2mpytlf 1 91 4 19 =6.5a.u. exhibits new structure typical of resonances. We
um o 4m, uH2gmu gu (u)? (19 reiterate that all results are for 3D,Hwith both lasef E(t)]

and magneti¢B) fields parallel to the internuclear axBsor
This results in a moving adaptive grid, sineés time depen-  z In Sec. lll we interpret this ionization suppression in terms
dent[Eqg. (16)], and hence known as a Lagrangian coordinateof magnetic field displacement of the LUMO energies, and
system[32]. we also illustrate the 3D nature of the electron wave function
In Fig. 2, we illustrate for a zero magnetic fiel@€0), #(z,p,R ).
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0.4 -R=4a.u. —R=6a.u. - R=7.5a.u. —R=9.5a.u. —R=14a.u.
p=0.0 N B=0.0 B=0.0 =00 B=00
02| r,=2.1x10%ap. - T,=9.6x10™"a.y. ,=5.3x10"a.4. -T,=1.9x10%ay. -| | I,=3.5x10%a.u
I =2.9x10"%a/u. T =3.2x10%al. I_=8.4x10"%.fi. [_=1.8x10%a.4. I =3.9x10%.u
1 10, 1o,
1o

4+

. e(a.u.)

-15-10-56 0

5 10 1515-10-5 0

-

5 10 15-15-10 -5

T T T T T

T T
15-15-10 -5

0 51015
0.4 | R=4a.u. ~R=6a.u. -1 [R=7.5au. rR=9.5a.u. R=14a.u.

p=01 B=0.1 B=0.1 g =0.1a.u. B=0.1
02} r,=50x10"ap. —T,=9.5x10%a.h. | | I,=4.0x10"a . T,=1.4x10%a.4. I,=9.4x10%a.u
0.0 I_=1.6x107g/u. T =8.1x107a. I =1.4x10%a . I =3.6x10%a.4. I =8.0x10%a.u
0.2 | _ _

10

0.4 - |
0.6 10-\ |
0.8 o] - .
10 - - =
1.2 | . -
14

T T T T T T T T T T T T T T T T T T T T T T T T ¥

-15-10-5 0 5 10 1515-10-5 0 5 10 1515-10-5 0 5 10 15-15-10-5 0 5 10 1515-10-5 0 5 10 15

———=7(a.u.)

FIG. 4. Energies and widtHs.. of the LUMO (1) and the HOMO (b-_) at a static electric fieléE=0.053 a.u. (= 10"*W/cn?) and
different magnetic field@=B/B,.

IIl. ENHANCED IONIZATION
AND CHARGE-RESONANCE STATES

in Fig. 4 for different magnetic-field strengtls=0 and 0.1
a.u. The energy levels. and widthsl' , were obtained by

Symmetric molecular ions differ from atoms due to the Propagation of the TDSHEq. (1?] In a static elect_rlc
presence of molecular CR stat&13. Such states are de- f€ld, E=0.053a.u., corresponding to the intensity
scribed by pairs of molecular orbitals of opposite symmetry= 10-*W/cn (see Ref[7] for detaily. In the present simu-
which dissociate to the same atomic orbitals. Thus, fof,H lation, absorbing boundaries were applied in bptand z
the HOMO is oy, and the LUMO is 1r,, in symmetry, directions, whereas in Ref7] only absorption at the ex-
with both dissociating to theslatomic orbital, resulting in a  tremities of thez grid was applied. The results for a zero
divergent transition moment(R)=R/2. In a static field of ~field, 8=0 [Fig. 4@)], are nearly identical, differing at most
strengthE, this results in a large couplingR/2 with the by 20%. As pointed out in Sec. Il, the new LUMOg1
concomitant Stark displacement of the HOMO and LUMOrapidly ionizes so that one can not speak of localization, as
by the energiesrER/2, respectively{7—9]. The resulting seen by the width$', . Thus atR,=9.5a.u., the maximum
1oy HOMO and 1o, LUMO are transformed into new or- in ionization (Fig. 2), T', =2X 10 %a.u=435cm?! or a
bitals 1o-_ and 1o, , which approach the localized atomic lifetime 7=5x10"*?s/T'(cm )=10"*s. Perusal of Fig. 4
1s orbitals in either left or right potential wells of the new shows that for internuclear distané&=6 a.u., the energy
nonsymmetric double well created by the total proton Cou-difference between the LUMO@L.) and HOMO(ls_) in
lomb potential and static field ener@y,. This is illustrated the field is indeed the Stark energy ER, and this is indepen-
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250

I=10""W/cm? B=0.
/ P I=10"W/cm? B =0. a)

€(a.u.)

4 6 8 R{au.) 10 12 14

s R (a.u.)
FIG. 5. Energiese. of the LUMO (10,) and the HOMO
(10_) for an electric fieldE=0.053 a.u. (=10*W/cn?) and a = 10™W/em?, B = 0.1 b)

magnetic field8=B/B,. V. andV, are the maxima of central and

left barriers in Fig. 4. oor

dent of the magnetic-field strength. We note that this energy
separation corresponds to the expected classical energy diiz ' |
ference for an electron in a static fieftlat different proton
sites separated by the distariReThis classical Stark effect
was shown to be responsible for a new plateau in moleculal
HOHG, with generation efficiencies much larger than in at-
oms|[6].

As one increases the magnetic field strength f@m0 to ‘ r.
0.1 (2x 1% G) (Fig. 3, one observes that the maximum in 02 : :
ionization rate is gradually suppressed and is displaced to: Ra.u)
ward smaller distance®... Thus for=0.1,R.=7.5a.u., in .
accordance with Fig. 4, which shows that at the higher(riF)I_G('a)6 .ZeErr(;er:?;/g\;vgit:ie%féieol)-i.(zg/)IC;g&)l.and the LUMO
magnetic-field strength, trapping of therl orbital by the
middle Coulomb barrier occurs at shorter distances. Thus thiighly excited states of 1. Figure 4 shows that such reso-
overall behavior is the large increase of ionization rate fomance effects do not dominate the ionization rate. Thus the
6=<R=<10a.u., with a rapid decrease outside this range fomaximum ionization rate at3=0.1 occurs aroundR,
small magnetic field. Atg=0.1, the maximum atR. =7.5a.u. which agrees quite well with the simple overbar-
=9.5a.u. is suppressed, and is displaced to shorter distanceir ionization image illustrated in Fig. 4.

We confirm this interpretation by examining Fig. 5, where In Figs. 7 (3=0) and 83=0.1) we illustrate the prob-
the staticE field energies of the LUMCg , (®) and HOMO,  ability distribution |(z,p,R,t)|? of the electron after 11.25
e_(A) are plotted as functions d®. In this figure we also cycles of the field, which corresponds to a maximum of the
show the maximum of the central barrigt, and the left field E=0.053a.u. or the corresponding intensity
outer barrierV,. Thus atR<5a.u., the LUMO is trapped =10“*W/cn?. Four internuclear distances are depicfRd
below the left barrielv,, so it is completely localized in the =6, 7.5, 9.5, and 14 a.u., in order to illustrate the effect of
molecule. AtR=5.7 a.u., both barrier maxima are equal butthe laser and magnetic fields on the wave-function evolution.
the LUMO is delocalized, i.e., it is above both barriers. At For zero magnetic fiel@Fig. 7), R= 14 a.u. shows atomiclike
R=7a.u.,, we see that the LUMO is degenerate with thewave-function evolution, which can be interpreted as field-
maximum ofV,, and is then trapped in the upper right well induced tunnelind17-19. We note that aR=6 and 9.5
for R>7 a.u., in agreement with the ionization rate resultsa.u., wave-function expansion in the transve(jsedirection
illustrated in Fig. 3. becomes effective, especially Rf=9.5 a.u., where the ion-

This simple interpretation of CREI in terms of quasistaticization maximum occuréFig. 3). The electron distribution at
tunneling and overbarrier ionization at the peak of the laseR=9.5a.u. shows ionization occurring from both atoms,
field is nevertheless compounded by resonances, as point@gth excitation into large radius orbits at both nuclei. This
out in Ref.[28]. In Fig. 6 we illustrate thék dependence of we interpret as indicative of highly excited resonance states
the widthsI'. for =0 and 0.1. The width of the HOMO, [32] as also suggested by tld initio calculationg 28].

I'_, is clearly negligible, as that level is always trapped by Figure 8 illustrates the effect of a strong magnetic field,
the barriers in the asymmetric double weHig. 4. The  B=0.1 orB=2.5x10° G. The expansion of the wavefunc-
width of the LUMO, I' . (R), shows two maxima aR=6  tion is clearly suppressed by a magnéhottle) effect due to
and 9.7 a.u., corresponding to resonancelike effects througie diamagnetic ternB?p?/2 [Eq. (1)]. Thus the maximum

r/r, (10'

50 |

P!
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18 a) 4
16 L
14 - g\ R=7.5au., B =0.
» A
310 @j
= N
Lo AN
7
a\ﬁ
\/m“ ﬁ \\ /n\ A A
40 20 ° Z(au) 20 2 FIG. 7. Electron densityy(z,p,R,t)|? at B
=0, t=11.25 cycles,|=10"“Wi/cn?, and A
=1064 nm.(a) R=6 and 7.5 a.u(b) R=9.5 and
18] b)) 14 a.u.
=0.
40
b)
=0.

40

extension into the axis is about 10 a.u., as compared to 18axis, thus making a 1D over barrier ionization dominsd].
a.u. in the free magnetic-field3=0) case(Fig. 7). As a We therefore conclude that in molecules there are there
result, excitation into highly excited states with a large radiugegimes of ionization as a function of internuclear distance.
is inhibited, e.g., aR=9.5 especially. The ionization is re- As shown previously, these different regimes have a marked
stricted to the magnetic field or equivalently the internucleainfluence on HOHG and light scattering proced€g44]. At
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40

smallR<R., one has the atomic regime, since the ionizationdominant and are partly responsible for the ionization peaks

PHYSICAL REVIEW A 62 053406

FIG. 8. Electron densityy(z,p,R,t)|? at 8
=0.1, t=11.25 cycles,| =10 W/cn?, and
=1064 nm.(a) R=6 and 7.5 a.u(b) R=9.5 and
14 a.u.

potential is large and the first excited state, the LUMO, carevident in Fig. 4 aR=6 a.u.[6,14,27. The region of larg&R

only be reached by a multiphoton excitation. In this regime,is where the CREI mechanism via Stark displacement of the
LUMO above barriers occurs up to the critical distarite

ADK tunneling ionization rates are adequf8#]. In the in-

termediateR region, e.g., photon resonances will become=4/l, for odd electron diatomic systeni8,9] and 5I, for
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TABLE |. lonization ratesT'(sec?) obtained from Eq.(22) at A=1064 nm, E;=0.053a.u. [
=10"Wr/cn?). All parameters are in a.u.

R 4 6 7.5 9.5 14
A 0.1 0.0176 0.007 0 0
ER 0.2 0.3 0.4 0.5 0.7
s 1.72 0.036 0.005 0 0
4
P. 0.18 0.96 1 1 1
r'(B=0) 0.8x10% 2x 103 1x 108 4% 108 8x10%?
r'(p=0.1) 0.2 102 2x 1013 1x 108 3x 103 2x10%?

triatomics[10]. Around this critical distancd., the Rabi  Fig. 4. The transition probability between these states, called
frequency, wg= u(R)E, which is also equal to the Stark the nonadiabatic transition probability, can be reduced to a
energy displacement of the LUMO from its field-free value, Landau-Zener type of equati¢87,38,

dominates, i.e.wR>slUu—slgg. Beyond this distance, the

LUMO, &, , becomes trapped in the upper well created by

the field and approaches the behavior of a single atomic or- .
bital in the field, Fig. 435]. In Table | we calculate the values of various parameters and

of P.. for peak values of the field dt=10“Wi/cn?, i.e.,
Ey=0.043a.u., as a function & assumingu(R)=R/2. We
IV. ADIABATIC-DIABATIC EVOLUTION observe in this table the rapid rise of the excitation of the

As described in Sec. IV, symmetric molecular ions differ (UMO, &, between 4 and 6 a.u., in agreement with the
from atoms due to the presence of HOMO’s and LUMO’s Static field |pn|zat|on rate¥ . (F|g.. 6) and the time depen-
which are strongly coupled by the radiation field through thedent ratesFigs. 2 and & In the region of larg&R>6, where
interactionx(R) E(t), wherex(R) is the electronic transi- the ionization plateau and hence CREI occlits=1, cor-
tion moment between the two doorway molecular orbitalseésponding to the diabatic regima4,19. This is the range
«(R) diverges linearly aR for orbitals which are quaside- Wherewg>Aes; then it can be shown th&. =1/2, on av-
generate at large distancE®13). Thus in the case of one €rage[14], sinces, ande_ both become upper or lower
valence electronic diatomic molecules, a pair of HOMO's@diabatic states for opposite phases of the field. One can
and LUMO's are the essential states, e.grynd 1o, in therefore expect tha_t the |onl|zat|on rate average_d over a large
H,". One can therefore treat the system as a two-level sydiumber of cycles will bd’= 31", , or, more precisely,
tem for the population transfer between the HOMO and the
LUMO. Our previous calculationg14] showed that the
population difference between the HOMO and the LUMO ) ) ) .
follow the field for largeR such that the Rabi frequency WhereI'- are the maximum stati¢peak field ionization
wr=u(R)E=ER/2 for H," is larger than the energy sepa- rates |IIustrz_ateq in Fig. 4. In Table | we have calculat?d the
ration Ae=e1, —e1,. AS an example aR=6 a.u., Ae ;axpecrt]ed I|on|za;lon _raters]l"(sec_)zfr(lg._u.)x(2_.4>< 10") .
_0.48 eV-0.0176 a1, whereaswg—0.16au., at | rom the values of . , i.e., the static field ionization rates o

=10"W/cn? i.e., ten times larger than the energy separatior:i)he LUMO and the HOMOg ... We note that the agreement
between the LUMO and the HOMO. etween these adiabatic ionization rates calculated at the

. . eak of the field and the time-dependent results illustrated is
The two-level system in the presence of a time-depende b

field was studied in detail by Kayanuma6] as a transfer- g both magnetic fieldsp=0 (Fig. 2) and =0.1 (Fig. 3
. . ; o quite satisfactory.

matrix problem at near crossings of the field-modified elec-

tronic statese. illustrated in Fig. 5. Exact equations for

these states without ionization as a functiorRoindt were V. CONCLUSION

described in Ref[37]. The relevant parameter which de- \ye haye presented highly accurate numerical procedure,
scnbes _populatlon of these states as a function of time is thg 56 on adaptive moving grids, to elucidate further the
adiabacity parameter mechanism of charge-resonance-enhanced ionization in the
) one-electron prototype molecule,H Imposing a large mag-
[Ae(R)] (20) netic field parallel to the internuclear axis and laser-field di-
wE(Hu(R)’ rection confines the electron along that axis, suppressing ex-

citation into large orbit excited states. The effect of the
which defines the transition probability between the fieldmagnetic field allows for control of the Stark energy shifts of
adiabatic states. (t). At the maximum of the field, i.e., at the LUMO. This results in a displacement of the critical
periods 7=m/2w (quarter cycles then E(t)=E distanceR, for enhanced ionization to shorter distances with
=(8w/cl)¥? ande. are the static field states illustrated in increasing magnetic-field strengthig. 3.

P.(t,R)=exd — w4(t,R)/4]. (21

r:%[PiF++(1_Pi)F—]a (22

8(t,R) =

053406-9
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Population of the LUMO by the time-dependent laserabove-barrier ionization or below-barrier trapping of this or-
field based on a Landau-Zener nonadiabatic mfigel(21)] bital and consequent ionization suppression explains very
followed by ionization at the peak of the laser fiflHg.  well the enhanced ionization in intense laser fields for both
(22)], gives reasonable agreement with the exact TDSE rezero and large magnetic fields in this region of internuclear
sults for both zero and large magnetic fields. Such a modelistances. We are currently extending moving grid methods

nevertheless needs to be generalized in order to take inf@r two electrons ionization in 5 where it has now been

account the long-range divergent radiative coupling betweeBhown that ionic molecular states’'H™ are the main door-
the HOMO and the LUMO due to charge-resonance effectsyay states for enhanced ionizatip#0].

especially at the one- and three-photon resonances between
these doorway stat¢8,39. As noted above, ADK-type tun-
neling calculations for molecular ionization near equilibrium
distanceq 34,35 work as well for molecules as for atoms
since excitation and population of the LUMO is negligible  We thank the Natural Sciences and Engineering Research
(Table ). It is in the CREI regionR=R., where most effi- Council of CanaddNSERQ and the Canadian Institute for
cient (complete excitation of the LUMO occurs, and the Photonic Innovatior{CIPI) for funding of this research.
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