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Enhanced ionization of the molecular ion H2
¿ in intense laser and static magnetic fields
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The three-dimensional time-dependent Schro¨dinger equation is solved exactly for the H2
1 molecular ion as

a function of internuclear distanceR in 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 field@Phys. Rev. A48, 3837~1993!; 52, 2511~1995!# demonstrated the phenomenon
of charge-resonance-enhanced ionization~CREI! at critical distancesRc , due to Stark displacements of the
lowest unoccupied molecular orbital~LUMO! 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 number~s!: 42.50.Hz, 32.60.1i
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I. INTRODUCTION

Dissociation of molecular ions by strong static elect
and magnetic fields was initiated in the 1960’s, and mo
vated by possible applications to particle accelerators
fusion devices@1#. It was shown then that the static electr
fields of the order of 1 V/Å would severely distort molecul
potentials, thus inducing field dissociation@1–3#. Intense
magnetic fields, on the other hand, predicted that one
stabilize molecular ions, and even change their geometr
in the case of H3

1 in some stars@4#. Current laser technology
provides for the creation of intense laser pulses whose p
intensities approach the atomic unit of intensityI 0

5cE0
2/4p53.531016W/cm2 corresponding to the atomi

unit ~a.u.! of electric fieldE05e2/a0
2553109 V/cm, where

a051 a.u.50.5231028 cm. The atomic unit of the magneti
field is B052.353109 G, and has not yet been achieved, b
pulsed fields of 1022B0 are now attainable@5#.

In the present work we shall investigate the effect of su
intense magnetic fields on a nonperturbative phenome
occurring in laser-molecule interaction:charge-resonance
enhanced ionization~CREI!, first discovered in numerica
solutions of the time-dependent Schro¨dinger equation
~TDSE!, for H2

1 as a function of internuclear distanceR
@6,7#. It was shown that ionization rate maxima occur
large critical distancesRc , and that these maxima can b
explained as ionization of the electron from a Stark shif
lowest unoccupied molecular orbital~LUMO!, the 1su or-
bital in the case of H2

1. This LUMO finds itself displaced
over and above the net static Coulomb barrier created by
protons and the peak electric field of the laser in a narr
region around the critical distanceRc . For H2

1 and other
odd electron diatomics,Rc has been shown to be;4/I p and
5/I p for H3

21 @8,9#, whereI p is the ionization potential~e.g.,
0.5 a.u. for a three-dimensional H atom!. This LUMO model
has also been confirmed to hold for nonlinear molecular i
@10#. Such a mechanism of over-barrier ionization was s
gested as early as 1989 in Ref.@11#, based on the intuitive
picture of partial localization of the ionizing electron in e
ther upper or lower wells created by the net nuclear Coulo
plus laser field potentials. Based on this picture, an estim
1050-2947/2000/62~5!/053406~10!/$15.00 62 0534
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of Rc.3/I p is obtained by considering that electron localiz
tion occurs when the quasidegenerate valence molecula
bitals fall below the internal field free Coulomb barrie
@11,12#. This picture neglects the important Stark shifts
the highest occupied molecular orbital~HOMO! and the
~LUMO! which are coupled by the large radiative interacti
m(R)E respectively.m(R)5R/2 for H2

1, and is due to a
charge resonance~CR!, electron transfer between the tw
quasidegenerate orbitals at largeR, a concept originally in-
troduced by Mulliken to explain intense electronic abso
tion bands in symmetric molecule@13#. We have shown pre-
viously that it is the laser excitation of the LUMO whic
populates it continuously as the laser changes phase@14,15#.
In actual calculations, no localization of the electron in t
LUMO is observed @7–9# due to the rapid ionization
The relevant physical scales are the photon frequency~3
31014 s21 at l51064 nm!, ionization rates @7–12#
(1013– 1014s21) and the zero-field tunneling frequency of th
electron between the two wells:\v t5«1su

(R)2«1sg
(R)

which is R dependent. AtR56 a.u. in the case of H2
1,

«1su
2«1sg

50.48 eV, . 4000 cm21, then v t.1014 s21

@16#. Thus all three time scales—photon, ionization and
ternal tunneling—are of the same order. This is the m
difference between atoms and molecules. Thus for atoms
rect field-induced static ionization rates over barriers ar
useful concept for understanding low-frequency, hig
intensity atomic multiphoton processes@17–19#. Symmetric
molecular ions with H2

1 as the prototype have important C
transitions, e.g., through the 1sg-1su molecular orbitals in
H2

1 which act as doorway states. This makes molecules
ferent from atoms, due to the presence of the nonlinear p
nomenon: CREI@6–10#.

In the present work, we develop a numerical scheme
calculating ionization rates of H2

1 in the presence of an in
tense magnetic field. We have previously shown that m
netic fields parallel to the laser field and the molecular a
can extend high-order harmonic generation to higher or
than without a magnetic field, due to the confinement a
recollision of the electron with the parent ion@20#. In the
present case, we present a more accurate three-dimens
~3D! numerical method which will be used later for a prev
ous proposed scheme of controlling harmonics in the p
ence of magnetic fields@21#. In the present work we show
©2000 The American Physical Society06-1
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ANDRÉ D. BANDRAUK AND HUI ZHONG LU PHYSICAL REVIEW A 62 053406
that strong magnetic fields allow for the control of CREI
H2

1 via the variation of the energy of its LUMO, thus con
firming its role as the doorway state for multiphoton ioniz
tion of molecular ions@7–10#.

II. TIME-DEPENDENT HAMILTONIAN
AND NUMERICAL METHOD

We have previously demonstrated the control of hig
order harmonic generation~HOHG! by a static magnetic
field for a 3D H2

1 molecular ion in both a linearly polarize
laser field and an ultrastrong static magnetic field paralle
the laser polarization and molecular axis@20#, and a 2D
model of the hydrogen atom in both a circularly polariz
laser field and a magnetic field perpendicular to the las
field polarization@21#. Recent work on HOHG in atoms in
the presence of combinations of static electric and magn
fields has demonstrated extension of the harmonic order
further confirmation of the electron-ion recollision model f
HOHG @22#.

The total 3DelectronicHamiltonian of H2
1 for fixed nu-

clei at a distanceR in a magnetic fieldB and laser field
E(t)cos(vt), both collinear and parallel to thez axis ~the
internuclear axis!, is given in cylindrical coordinatesr
5(x21y2)1/2z by

i
]c~z,r,t !

]t
52S 2mp11

4mp
D F ]2

]r2 1
1

r

]

]r
1

]2

]z2Gc~z,r,t !

2F 1

@~z6R/2!21r2#1/2Gc~z,r,t !

1F S 2mp12

2mp11D zE~ t !cos~vt !

1
b2

2
r22bGc~z,r,t !. ~1!

This corresponds to a moleculealignedby the laser field, as
expected for such high intensities@10#. In the electronic
Hamiltonian @Eq. ~1!#, we have used atomic units~a.u.! (e
5\5me51) b5B/B0 where B052.353109 G. This
Hamiltonian is the exact three-body Hamiltonian for fix
protons aligned with the laser and magnetic fields~obtained
after separation of the center of mass motion@1#!. Further-
more we have kept the last term2b, the spin-Zeeman effec
needed to obtain the exact initial ground state@23#. Hamil-
tonian~1! does not contain the orbital Zeeman termb l z , @1#,
since our initial electronic state is the zero orbital moment
state 1sg , and the laser fieldE(t) is linearly polarized
@20,21# along thez axis. The second term is the Coulom
potential from the two protons on thez axis at6R/2. b2r2/2
is the diamagnetic energy term acting as a parabolic ba
~magnetic bottle! in the r direction, giving rise to magnetic
confinement in that direction. The parameter that charac
izes the magnetic confinement is the Landau radius defi
by RL5(2/b)1/2. Thus for b51022B0 or B52.353107 G,
05340
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RL514 a.u. This is the size of the circular radius for electr
harmonic motion in ther direction ~around thez axis! in-
duced by the magnetic field.

The first numerical solution of the H2
1 TDSE in a laser

field was obtained foralignedandfixednuclei using an ex-
pansion in terms of eigenfunctions of the cylindrical Lapla
ian, ]2/]r21(1/r)]/]r @24#. These eigenfunctions which
are Bessel functions of zero order, reduced the dimensio
ity of Eq. ~1! to 2, i.e.,z andR, and furthermore removed th
Coulomb singularity due to the electron proton interaction
z56R/2 and r50. However, this Coulomb potential be
comes a large matrix in such a basis set, thus necessitat
high-order split-operator method@25# for solving the TDSE
for static nuclei@6,7#, but also with moving nuclei@26#. We
have also used previously three-dimensional Cartesian fin
element~FE! methods@27# for molecular TDSE’s. Such ba
sis sets have the desirable advantage of being very flex
spanning bound and continuum states simultaneously.
price for such flexibility is that since FE bases are local
large number of bases are required to cover adequately
global behavior of the exact time-dependent solution. A
other choice is to solve Eq.~1! in prolate spheroidal coordi
nates which is separable in zero field. Then doing a comp
energy Floquet expansion with Laguerre and Legendre p
nomial bases~the eigenstates of the zero field problem!, one
can extract field-induced shifts and widths corresponding
adiabatic field conditions@28#.

Another approach is to use adaptive space coordinat
grid methods, which look particularly promising for densit
functional approaches due to the reduced dimensionality
the electronic problems@29#. Recently Kawata and Kono de
veloped such an adaptive grid representation@30# for H2

1,
i.e., using a generalized cylindrical coordinate systemr
5 f (r) and z5g(r) where f and g are polynomials, they
have improved on the treatment of the wave function n
the origin, which can create considerable difficulty in~uni-
form! discretized grid approaches@20#.

In the present work we adopt a more general nonlin
coordinate transformation in order to obtain a variable, n
uniform grid, dense at singularities and equidistant asym
totically. Thus we choose the general transformationr
5T( r̃), z5T( z̃) with

T~u!5uS un1spn

un1pn D , ~2!

wheren is an even integer,p>0 representing the domain o
grid refinement, and 0<s<1 is set to be the minimum o
DT/Du. This is necessary to insure that the grid is conc
trated near the singularities. The properties of this trans
mation are~setting primes equal to derivatives!

T~u!511~12s!
~n21!@11~u/p!n#2n

@11~u/p!n#2 , ~3!

T8~0!5s, T8~`!51,

T8~p!511
~12s!~n22!

4
. ~4!
6-2



-
s.

e

tl
a

e
h
le
rd

ni
by

y

to

o
on:
an-
ue
e-

ec-
u-
nt
3D
r

by

-
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For n54, s50.2, andp.0, in Fig. 1 we illustrate an ex
ample of this new adaptive grid for cylindrical coordinate

As a result of the normalization condition

E E rucu2 dr dz5E E ruc̃u2 dr̃ d z̃51, ~5!

the new transformed function becomes

c̃5@T8~ r̃ !T8~ z̃!#1/2c, ~6!

and the new Laplacian in Eq.~1! is transformed according to

1

r

]c

]r
→ 1

~T8!1/2

]

r ]r̃

c̃

~T8!1/2,

]2c

]r2 → 1

~T8!1/2

]

]r̃

1

T8

]

]r̃

c̃

~T8!1/2, ~7!

]2c

]z2 → 1

~T8!1/2

]

] z̃

1

T8

]

] z̃

c̃

~T8!1/2.

Each differential operator in Eqs.~7! is then discretized
by a seven-point difference formula which has fifth-ord
accuracy as compared to the three-point method in Ref.@20#
which gives second-order accuracy only. It was recen
demonstrated that such three-point formulas can be m
exponentially convergent by a variational formulation@31#.
However, for the present time-dependent problem, wh
one must iterate the spatial discretization in time, suc
procedure is time consuming; it has not yet been imp
mented here, but is investigated further for Cartesian coo
nate@32#.

We impose the following boundary conditions:

c̃50 at r5rmax and uzu5zmax, ~8!

]c̃

]r̃
50 at r50. ~9!

rmax andzmax are the maximum sizes of the grid, and an
hilation of the wave function at those limits is obtained
applying an artificial absorber of the type cos1/8(u) @20#.

FIG. 1. Adaptive grid used to solve the TDSE,@Eq. ~1!#, with
variable coordinatesr̃ andz̃ @Eq. ~2!#. Grid points become equidis
tant at larger andz.
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Condition ~9! at ther origin is equivalent to the symmetr
conditionc(2r)5c(1r) imposed previously by Zuoet al.
@20# in the standard~uniform! grid formulation of the prob-
lem. However, this necessitated doubling the grid domain
@2rmax,rmax#, whereas in the present adaptive~nonuniform!
grid method the boundary condition is directly applied. Tw
choices are available for imposing this boundary conditi
at the nuclei or between the nuclei. It is found that one c
not efficiently impose the boundary choice at the nuclei d
to Coulomb singularities, but one must opt for positions b
tween the nuclei@32# for most efficient convergence.

For the time propagation, we choose an alternating dir
tion implicit method for all Laplacians terms, since fast Fo
rier transform methods for nonuniform grids are inefficie
in general. We use a direct exponentiation method for the
Coulomb potential in Eq.~1!. Each time propagation step fo
the lengthzE(t) gauge is chosen as

c̃~ t1dt !5F11 i
dt

4
ArG21

expS 2 i
dt

4
AvD F12 i

dt

4
ArG

3XF11 i
dt

4
AzG21

expS 2 i
dt

4
AvD F12 i

dt

4
AzGC2

3F11 i
dt

4
ArG21

expS 2 i
dt

4
AvD

3F12 i
dt

4
ArG c̃~ t !, ~10!

where

Ar52
2mp11

4mp
F 1

~r8!1/2

]

]r̃

1

r8

]

]r̃

1

~r8!1/2

1
1

r~r8!1/2

]

]r̃

1

~r8!1/21S b2

2
r22b D G , ~11!

Az52
2mp11

4mp
F 1

~z8!1/2

]

] z̃

1

z8

]

] z̃

1

~z8!1/2

1S 2mp12

2mp11DE~ t !z cos~vt !G , ~12!

Av5@~z6R/2!21r2#21/2. ~13!

One can also propagate the TDSE in the velocity gauge
the unitary~gauge! transformation@3#

c→c expH 2 i
2mp11

4mp
F E

0

tS E
0

s

E~t!dt D 2

dsG
2 izE

0

t

E~s!dsJ , ~14!

which gives the new TDSE,

i
]c

]t
5H0c1 i F2mp11

2mp
E

0

t

E~s!dsG ]c

]z
, ~15!
6-3
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ANDRÉ D. BANDRAUK AND HUI ZHONG LU PHYSICAL REVIEW A 62 053406
with H0 the field-free@E(t)50# Hamiltonian. This is noth-
ing but the Coulomb gauge, sincep̂5 i ]/]z @3#. Changing
variables once more to a Lagrangian moving system,

u5z1
2mp11

2mp
E

0

t

dsE
0

s

E~t!dt, ~16!

gives the functionc(r,u,t) which satisfies the TDSE

i
]c

]t
5H0~u!c, ~17!

where the laser field is now included inH0 through the dis-
placed coordinatesu. This is equivalent to the space transl
tion, representation@3# generally used for high frequencie
but is also known as a Lagrangian system in classical fl
mechanics@32#. This allows for a simplification of the propa
gation by the scheme

c̃~ t1dt !5F11 i
dt

4
ArG21

expS 2 i
dt

4
AvD F12 i

dt

4
ArG

3F11 i
dt

2
AuG21

expS 2 i
dt

2
AvD

3H 12 i
dt

2
AuF11 i

dt

4
ArG21

3expS 2 i
dt

4
AnD F12 i

dt

4
ArG c̃~ t !J , ~18!

where

Au52
2mp11

4mp
F 1

~u8!1/2

]

]ũ

1

u8

]

]ũ

1

~u8!1/2G . ~19!

This results in a moving adaptive grid, sinceu is time depen-
dent@Eq. ~16!#, and hence known as a Lagrangian coordin
system@32#.

In Fig. 2, we illustrate for a zero magnetic field (b50),

FIG. 2. Ionization rates as a function ofR in the length gauge
~ER! @Eq. ~10!# and space translation~ST! gauge@Eq. ~18!# for two
different grid point distributions, grids 1 and 2~see text!, at l
51064 nm andI 51014 W/cm2.
05340
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the convergence of this integration method for the t
gauges: length~ER! @Eq. ~10!# and space translation~ST!
@Eq. ~18!#, and two different grids 1 and 2. The ionizatio
rate of H2

1 for a laser field of wavelengthl51064 nm, in-
tensityI 51014W/cm2 ~a five-cycle rise of the pulse! exhibits
our previously published result: two maxima aroundR56
and 9.5 a.u., with rates exceeding that of the H atomR
→`) by about one order of magnitude. A coarse griddz
50.25 a.u. anddt50.033 a.u.@ t ~a.u.!52.42310217s# gives
approximately a factor of 2 different between length~j! and
ST ~.! gauges. The finer griddz50.15 a.u. anddt
50.015 a.u. shows near agreement between both gauges
note that in the ST gauge, because of the moving coo
nates, there is no advantage in specifying the position of
grid points. In the length gauge, as stated above, one
insist on placing certain grid points at the proton positio
where the Coulomb singularities occur~grid 2!, whereas grid
1 in Fig. 2 corresponds to the case where the protons
zero function boundary condition do not coincide. It
clearly grid 1~d!, with grid points avoiding the singularities
which gives closer agreement between the two gauges.
to be noted that ST results~l, .! are very similar in spite of
the finer grid for the casel (dz50.15) and closest to the
grid 1 results~d!. We also emphasize that the ST metho
which corresponds to a moving grid following the ionize
electron at large distances, converges most rapidly due t
better approximation of the inherent physics at large d
tances.

In Fig. 3 we illustrate the same calculation as in Fig. 2
the ST gauge, but now with different values of the magne
field in a.u.,b5B/B0, whereB052.353109 G. The most
evident result is the suppression of the ionization maxim
around R59.5 a.u., whereas the first maximum atR
>6.5 a.u. exhibits new structure typical of resonances.
reiterate that all results are for 3D H2

1 with both laser@E(t)#
and magnetic~B! fields parallel to the internuclear axesR or
z. In Sec. III we interpret this ionization suppression in term
of magnetic field displacement of the LUMO energies, a
we also illustrate the 3D nature of the electron wave funct
c(z,r,R,t).

FIG. 3. Ionization rates as a function ofR at l51064 nm and
I 51014 W/cm2 for different magnetic fieldsb5B/B0 in the space
translation gauge.
6-4
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FIG. 4. Energies and widthsG6 of the LUMO (1s1) and the HOMO (1s2) at a static electric fieldE50.053 a.u. (I 51014 W/cm2) and
different magnetic fieldsb5B/B0 .
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III. ENHANCED IONIZATION
AND CHARGE-RESONANCE STATES

Symmetric molecular ions differ from atoms due to t
presence of molecular CR states@3,13#. Such states are de
scribed by pairs of molecular orbitals of opposite symme
which dissociate to the same atomic orbitals. Thus, for H2

1,
the HOMO is 1sg , and the LUMO is 1su , in symmetry,
with both dissociating to the 1s atomic orbital, resulting in a
divergent transition momentm(R)5R/2. In a static field of
strengthE, this results in a large couplingER/2 with the
concomitant Stark displacement of the HOMO and LUM
by the energies7ER/2, respectively@7–9#. The resulting
1sg HOMO and 1su LUMO are transformed into new or
bitals 1s2 and 1s1 , which approach the localized atom
1s orbitals in either left or right potential wells of the ne
nonsymmetric double well created by the total proton C
lomb potential and static field energyEz . This is illustrated
05340
y

-

in Fig. 4 for different magnetic-field strengthsb50 and 0.1
a.u. The energy levels«6 and widthsG1 were obtained by
propagation of the TDSE@Eq. ~1!# in a static electric
field, E50.053 a.u., corresponding to the intensityI
51014W/cm2 ~see Ref.@7# for details!. In the present simu-
lation, absorbing boundaries were applied in bothr and z
directions, whereas in Ref.@7# only absorption at the ex
tremities of thez grid was applied. The results for a zer
field, b50 @Fig. 4~a!#, are nearly identical, differing at mos
by 20%. As pointed out in Sec. II, the new LUMO, 1s1

rapidly ionizes so that one can not speak of localization,
seen by the widthsG1 . Thus atRc59.5 a.u., the maximum
in ionization ~Fig. 2!, G15231023 a.u.5435 cm21 or a
lifetime t55310212s/G~cm21)>10214s. Perusal of Fig. 4
shows that for internuclear distanceR>6 a.u., the energy
difference between the LUMO(1s1) and HOMO(1s2) in
the field is indeed the Stark energy ER, and this is indep
6-5
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ANDRÉ D. BANDRAUK AND HUI ZHONG LU PHYSICAL REVIEW A 62 053406
dent of the magnetic-field strength. We note that this ene
separation corresponds to the expected classical energy
ference for an electron in a static fieldE at different proton
sites separated by the distanceR. This classical Stark effec
was shown to be responsible for a new plateau in molec
HOHG, with generation efficiencies much larger than in
oms @6#.

As one increases the magnetic field strength fromb50 to
0.1 (23108 G) ~Fig. 3!, one observes that the maximum
ionization rate is gradually suppressed and is displaced
ward smaller distancesRc . Thus forb50.1,Rc>7.5 a.u., in
accordance with Fig. 4, which shows that at the hig
magnetic-field strength, trapping of the 1s1 orbital by the
middle Coulomb barrier occurs at shorter distances. Thus
overall behavior is the large increase of ionization rate
6<R<10 a.u., with a rapid decrease outside this range
small magnetic field. Atb50.1, the maximum atRc
>9.5 a.u. is suppressed, and is displaced to shorter dista
We confirm this interpretation by examining Fig. 5, whe
the staticE field energies of the LUMO,«1(d) and HOMO,
«2(m) are plotted as functions ofR. In this figure we also
show the maximum of the central barrierVc and the left
outer barrierVl . Thus atR<5 a.u., the LUMO is trapped
below the left barrierVl , so it is completely localized in the
molecule. AtR55.7 a.u., both barrier maxima are equal b
the LUMO is delocalized, i.e., it is above both barriers.
R>7 a.u., we see that the LUMO is degenerate with
maximum ofVc , and is then trapped in the upper right we
for R.7 a.u., in agreement with the ionization rate resu
illustrated in Fig. 3.

This simple interpretation of CREI in terms of quasista
tunneling and overbarrier ionization at the peak of the la
field is nevertheless compounded by resonances, as po
out in Ref.@28#. In Fig. 6 we illustrate theR dependence o
the widthsG6 for b50 and 0.1. The width of the HOMO
G2 , is clearly negligible, as that level is always trapped
the barriers in the asymmetric double well~Fig. 4!. The
width of the LUMO, G1(R), shows two maxima atR56
and 9.7 a.u., corresponding to resonancelike effects thro

FIG. 5. Energies«6 of the LUMO (1s1) and the HOMO
(1s2) for an electric fieldE50.053 a.u. (I 51014 W/cm2) and a
magnetic fieldb5B/B0 . Vc andVl are the maxima of central an
left barriers in Fig. 4.
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highly excited states of H2
1. Figure 4 shows that such reso

nance effects do not dominate the ionization rate. Thus
maximum ionization rate atb50.1 occurs aroundRc
>7.5 a.u. which agrees quite well with the simple overb
rier ionization image illustrated in Fig. 4.

In Figs. 7 (b50) and 8(b50.1) we illustrate the prob-
ability distribution uc(z,r,R,t)u2 of the electron after 11.25
cycles of the field, which corresponds to a maximum of t
field E50.053 a.u. or the corresponding intensityI
51014W/cm2. Four internuclear distances are depictedR
56, 7.5, 9.5, and 14 a.u., in order to illustrate the effect
the laser and magnetic fields on the wave-function evoluti
For zero magnetic field~Fig. 7!, R514 a.u. shows atomiclike
wave-function evolution, which can be interpreted as fie
induced tunneling@17–19#. We note that atR56 and 9.5
a.u., wave-function expansion in the transverse~r! direction
becomes effective, especially atRc59.5 a.u., where the ion
ization maximum occurs~Fig. 3!. The electron distribution a
R59.5 a.u. shows ionization occurring from both atom
with excitation into large radius orbits at both nuclei. Th
we interpret as indicative of highly excited resonance sta
@32# as also suggested by theab initio calculations@28#.

Figure 8 illustrates the effect of a strong magnetic fie
b50.1 or B52.53108 G. The expansion of the wavefunc
tion is clearly suppressed by a magnetic~bottle! effect due to
the diamagnetic termb2r2/2 @Eq. ~1!#. Thus the maximum

FIG. 6. Energy widthsG of the HOMO (G1) and the LUMO
(G2). ~a! Zero magnetic field (b50). ~b! b50.1.
6-6
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FIG. 7. Electron densityuc(z,r,R,t)u2 at b
50, t511.25 cycles, I 51014 W/cm2, and l
51064 nm.~a! R56 and 7.5 a.u.~b! R59.5 and
14 a.u.
18

iu
-
ea

ere
ce.
ked
extension into ther axis is about 10 a.u., as compared to
a.u. in the free magnetic-field (b50) case~Fig. 7!. As a
result, excitation into highly excited states with a large rad
is inhibited, e.g., atR59.5 especially. The ionization is re
stricted to the magnetic field or equivalently the internucl
05340
s

r

axis, thus making a 1D over barrier ionization dominant@33#.
We therefore conclude that in molecules there are th

regimes of ionization as a function of internuclear distan
As shown previously, these different regimes have a mar
influence on HOHG and light scattering processes@6,14#. At
6-7



ANDRÉ D. BANDRAUK AND HUI ZHONG LU PHYSICAL REVIEW A 62 053406
FIG. 8. Electron densityuc(z,r,R,t)u2 at b
50.1, t511.25 cycles,I 51014 W/cm2, and l
51064 nm.~a! R56 and 7.5 a.u.~b! R59.5 and
14 a.u.
io
a
e

e

aks

the
smallR,Rc , one has the atomic regime, since the ionizat
potential is large and the first excited state, the LUMO, c
only be reached by a multiphoton excitation. In this regim
ADK tunneling ionization rates are adequate@34#. In the in-
termediateR region, e.g., photon resonances will becom
05340
n
n
,

dominant and are partly responsible for the ionization pe
evident in Fig. 4 atR>6 a.u.@6,14,27#. The region of largeR
is where the CREI mechanism via Stark displacement of
LUMO above barriers occurs up to the critical distanceRc
>4/I p for odd electron diatomic systems@8,9# and 5/I p for
6-8
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TABLE I. Ionization rates G~sec21! obtained from Eq.~22! at l51064 nm, E050.053 a.u. (I
51014 W/cm2). All parameters are in a.u.

R 4 6 7.5 9.5 14

D 0.1 0.0176 0.007 0 0
ER 0.2 0.3 0.4 0.5 0.7
p

4
d 1.72 0.036 0.005 0 0

P6 0.18 0.96 1 1 1
G(b50) 0.831012 231013 131013 431013 831012

G(b50.1) 0.231012 231013 131013 331013 231012
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triatomics @10#. Around this critical distanceRc , the Rabi
frequency,vR5m(R)E, which is also equal to the Star
energy displacement of the LUMO from its field-free valu
dominates, i.e.,vR.«1su

2«1sg
. Beyond this distance, th

LUMO, «1 , becomes trapped in the upper well created
the field and approaches the behavior of a single atomic
bital in the field, Fig. 4@35#.

IV. ADIABATIC-DIABATIC EVOLUTION

As described in Sec. IV, symmetric molecular ions diff
from atoms due to the presence of HOMO’s and LUMO
which are strongly coupled by the radiation field through
interactionm(R) E(t), wherem(R) is the electronic transi-
tion moment between the two doorway molecular orbita
m(R) diverges linearly asR for orbitals which are quaside
generate at large distances@3,13#. Thus in the case of one
valence electronic diatomic molecules, a pair of HOMO
and LUMO’s are the essential states, e.g., 1sg and 1su in
H2

1. One can therefore treat the system as a two-level
tem for the population transfer between the HOMO and
LUMO. Our previous calculations@14# showed that the
population difference between the HOMO and the LUM
follow the field for largeR such that the Rabi frequenc
vR5m(R)E5ER/2 for H2

1 is larger than the energy sep
ration D«5«1su

2«1sg
. As an example atR56 a.u., D«

50.48 eV50.0176 a.u., whereasvR50.16 a.u., at I
51014W/cm2 i.e., ten times larger than the energy separat
between the LUMO and the HOMO.

The two-level system in the presence of a time-depend
field was studied in detail by Kayanuma@36# as a transfer-
matrix problem at near crossings of the field-modified el
tronic states«6 illustrated in Fig. 5. Exact equations fo
these states without ionization as a function ofR and t were
described in Ref.@37#. The relevant parameter which de
scribes population of these states as a function of time is
adiabacity parameter

d~ t,R!5
@D«~R!#2

vE~ t !m~R!
, ~20!

which defines the transition probability between the fie
adiabatic states«6(t). At the maximum of the field, i.e., a
periods t5p/2v ~quarter cycles!, then E(t)5E
5(8p/cI)1/2, and«6 are the static field states illustrated
05340
,

y
r-

e

.

s-
e

n

nt

-

e

Fig. 4. The transition probability between these states, ca
the nonadiabatic transition probability, can be reduced t
Landau-Zener type of equation@37,38#,

P6~ t,R!5exp@2pd~ t,R!/4#. ~21!

In Table I we calculate the values of various parameters
of P6 for peak values of the field atI 51014W/cm2, i.e.,
E050.043 a.u., as a function ofR assumingm(R)5R/2. We
observe in this table the rapid rise of the excitation of t
LUMO, «1 , between 4 and 6 a.u., in agreement with t
static field ionization ratesG6 ~Fig. 6! and the time depen
dent rates~Figs. 2 and 3!. In the region of largeR.6, where
the ionization plateau and hence CREI occurs,P6>1, cor-
responding to the diabatic regime@14,15#. This is the range
wherevR.D«; then it can be shown thatP651/2, on av-
erage@14#, since«1 and «2 both become upper or lowe
adiabatic states for opposite phases of the field. One
therefore expect that the ionization rate averaged over a l
number of cycles will beG5 1

2 G1 , or, more precisely,

G5 1
2 @P6G11~12P6!G2#, ~22!

where G6 are the maximum static~peak! field ionization
rates illustrated in Fig. 4. In Table I we have calculated
expected ionization ratesG(sec)5G(a.u.)3(2.431017)
from the values ofG6 , i.e., the static field ionization rates o
the LUMO and the HOMO,«6 . We note that the agreemen
between these adiabatic ionization rates calculated at
peak of the field and the time-dependent results illustrate
for both magnetic fields,b50 ~Fig. 2! andb50.1 ~Fig. 3!
quite satisfactory.

V. CONCLUSION

We have presented highly accurate numerical proced
based on adaptive moving grids, to elucidate further
mechanism of charge-resonance-enhanced ionization in
one-electron prototype molecule H2

1. Imposing a large mag-
netic field parallel to the internuclear axis and laser-field
rection confines the electron along that axis, suppressing
citation into large orbit excited states. The effect of t
magnetic field allows for control of the Stark energy shifts
the LUMO. This results in a displacement of the critic
distanceRc for enhanced ionization to shorter distances w
increasing magnetic-field strength~Fig. 3!.
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Population of the LUMO by the time-dependent las
field based on a Landau-Zener nonadiabatic model@Eq. ~21!#
followed by ionization at the peak of the laser field@Eq.
~22!#, gives reasonable agreement with the exact TDSE
sults for both zero and large magnetic fields. Such a mo
nevertheless needs to be generalized in order to take
account the long-range divergent radiative coupling betw
the HOMO and the LUMO due to charge-resonance effe
especially at the one- and three-photon resonances bet
these doorway states@3,39#. As noted above, ADK-type tun
neling calculations for molecular ionization near equilibriu
distances@34,35# work as well for molecules as for atom
since excitation and population of the LUMO is negligib
~Table I!. It is in the CREI region,R>Rc , where most effi-
cient ~complete! excitation of the LUMO occurs, and th
ev

s

s.

05340
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above-barrier ionization or below-barrier trapping of this o
bital and consequent ionization suppression explains v
well the enhanced ionization in intense laser fields for b
zero and large magnetic fields in this region of internucl
distances. We are currently extending moving grid meth
for two electrons ionization in H2, where it has now been
shown that ionic molecular states H1H2 are the main door-
way states for enhanced ionization@40#.
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