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Breakup of H2
¿ by one photon in the presence of a strong dc field

Zufar Mulyukov* and Robin Shakeshaft
Physics Department, University of Southern California, Los Angeles, California 90089-0484

~Received 9 August 2000; revised manuscript received 25 September 2000; published 13 April 2001!

We calculate the frequency profile of the rate for breakup of H2
1 by one photon in the presence of a strong

dc field. After photoexcitation of the molecular ion from its ground 1ss electronic state to the 2ps electronic
state, the nuclei are temporarily trapped by a dc field-induced barrier with turning pointRmax. However, the
nuclei are released through either rotation of the internuclear axis~which, for the sake of tractability, we
ignore! or dc-field ionization involving resonant transfer from the 2ps state to a more highly excited state. The
most prominent resonance occurs at an internuclear separation that is less thanRmax and, in a.u., is approxi-
mately 3/(8Fdc)13, whereFdc is the dc field strength. We interpret the change in the frequency profile, asFdc

varies, in terms of different aspects of the dynamics of the breakup process, in particular the dispersion of the
probability distribution of the nuclei due to over-the-barrier dissociation from the 1ss state.

DOI: 10.1103/PhysRevA.63.053404 PACS number~s!: 32.60.1i, 33.80.Rv, 33.80.Eh
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I. INTRODUCTION

Previous studies of the dissociation and ionization of
one-electron molecular ions H2

1 and HD1 by strong ac
fields have revealed a wide variety of interesting effects t
distinguish the breakup of molecular ions from the break
of atoms. Among numerous examples we cite bond soften
~see, e.g.,@1#!, vibrational trapping~see, e.g.,@2–5#!, coun-
terintuitive angular distributions for the fragments emitted
dissociation of HD1 by a two-color optical field@6#, and
angular distributions for the fragments emitted in dissoc
tion of HD1 by a two-color microwave field that depen
strongly on which isotope, H1 or D1, is released@7#. An
informative review of experimental and theoretical aspects
H2

1 ions in strong laser fields has been given by Giu
Suzoret al. @8#.

In the current paper, we present and discuss result
calculations of the frequency profile of the rate for break
of H2

1 by one photon in the presence of a strong dc elec
field. The photon, supplied by, for example, a moderat
weak tunable laser field, can excite the molecular ion fr
its ground 1ss electronic state to the 2ps electronic state.
The dc field dresses the electronic states in almost the s
way as does a low-frequency ac electric field. One-pho
dissociation of H2

1 and HD1 in the absence of a dressin
field was studied experimentally and theoretically some ti
ago @9,10#. However, the inclusion of a strong dc field rad
cally alters the dynamics, not only by significantly modifyin
the potential-energy curves along which the nuclei move
also by opening up another pathway for breakup, i.e., ion
tion.

The exact treatment of a three-body system in an exte
field is, of course, a formidable challenge, and we
obliged to make a drastic approximation: We restrict the m
tion of the nuclei to one dimension, along the electric-fie
axis, with the H2

1 ion oriented so that prior to excitation it

*Present address: Department of Computer Science and Engi
ing, University of California, La Jolla, CA 92093-0114.
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dipole moment is antiparallel to the dc field. As long as t
molecular ion remains in the 1ss electronic state this orien
tation is stable. However, if the H2

1 ion is excited to the
2ps state without rotation of the internuclear axis its dipo
moment points in the reverse direction, parallel to the
field, which is an unstable orientation. Therefore the ques
arises as to whether the rotation of the H2

1 ion can be ig-
nored during the time it takes for dissociative ionization
occur. It is difficult to give a definitive answer, but we ca
make a rough assessment as follows: At a moderately la
internuclear separationR the dipole moment iseR/2 and the
frequency of rotation of the dipole in a dc field of streng
Fdc is A2MR/Fdce whereM is the proton mass. The perio
of rotation must be larger than the time it takes for the H2

1

ion to separate to the point,Rres, where resonant ionization
leads to rapid breakup. Roughly speaking the latter time
Rres/v, whereMv2/25\V and V is the photon frequency
Thus we require (\V/eFdcRres).1. In Sec. III we show that
eFdcRres'(3/8) a.u., and since\V is about 0.7 a.u. our con
dition is only barely satisfied, if at all. Therefore we do n
expect the results of our calculation to provide more than
a qualitative picture. Our remaining approximations are m
reliable: We place no restriction on the degrees of freedom
the electron motion. Nor do we place any limit on the nu
ber of electronic levels~aside from the limit implicitly im-
posed by the size of the basis on which the electronic w
function is expanded!. While the effect of vibronic coupling,
i.e., the explicit coupling of the nuclear and electronic m
tions, may be expected to be small, we include this coup
since it is not difficult to do so, through leading order
(me /mn)1/4, where me is the electron mass andmn is the
reduced mass of the nuclei. The error in the wave funct
incurred within the Born-Oppenheimer approximation is
order (me /mn)1/2 when the nuclei are frozen and of ord
(me /mn)3/4 when the nuclei are allowed to move in the ele
tronic potential generated while the nuclei are frozen@11#.
After vibronic coupling is included through leading orde
the error in the wave function is only of order (me /mn). We
express the Hamiltonian in terms of the internuclear sep
tion R andmodifiedprolate spheroidal electron coordinate
er-
©2001 The American Physical Society04-1
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ZUFAR MULYUKOV AND ROBIN SHAKESHAFT PHYSICAL REVIEW A 63 053404
and we expand the complete wave function in terms of b
functions that are tailored to the boundary conditions of
problem. The matrix representing the Hamiltonian is high
sparse when, as done here, vibronic coupling is inclu
only through leading~nonzero! order.

In the next two sections we describe the formalism,
ginning with a preliminary discussion in Sec. II and procee
ing to the technical details of the calculation in Sec. III. F
generality, we do not specify the nuclear masses, and h
our formalism is applicable not just to H2

1 but to all one-
electron molecular ions with nuclei that are isotopes of
drogen, i.e., HD1, HT1, and D2

1 , etc. On several occa
sions, we pause to note differences that arise betw
homonuclear and heteronuclear molecular ions. In Sec.
we present and discuss our results.

II. PRELIMINARY DISCUSSION

Units in which \51 and the electron charge is21 are
used throughout. The nuclei are labeled bya andb and the
electron bye. The masses ofa andb areMa andMb , their
charges areZa andZb , and the electron mass isme . Let R
locate the position ofa relative to b, and let r locate the
position ofe relative to the center of mass of the nuclei; s
Fig. 1. It is convenient to define the following masses a
mass ratios:

me5me~Ma1Mb!/~me1Ma1Mb!, ~1!

mn5MaMb /~Ma1Mb!, ~2!

a5mn /Ma , ~3!

b5mn /Mb . ~4!

If the nuclei are clamped in place, at the separationR, the
electronic Hamiltonian is

He~R!52
1

2me
“ r

21
ZaZb

R
2

Za

ur2aRu
2

Zb

ur1bRu
. ~5!

Allowing the nuclei to move, introducing an external linear
polarized electric field, whose interaction with the molecu

FIG. 1. The coordinate system. The electrone is at distances of
r a and r b , respectively, from the nucleia and b, and is located
relative to the center of mass of the nuclei, and the midpoint of
nuclei, byr andr c , respectively. The vectorR locatesa relative to
b.
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ion is V(t), and separating out the motion of the center
mass of the molecular ion, the Hamiltonian governing t
internal motion is@12#

H~ t !52
1

2mn
“R

2 1
ZaZb

R
1He~R!1V~ t !. ~6!

Hereafter, corrections of orderme /mn are neglected, and th
nuclear charges are restricted toZa5Zb51. Let F(t)
5F(t)ê denote the external electric field~which may not
depend on the timet), with associated vector potentialA(t).
In the length and velocity gauges, respectively, we have

V~ t !5~b2a!F~ t !•R1F~ t !•r , ~7!

V~ t !5~ i /mn!~b2a!A~ t !•“R1~ i /me!A~ t !•“ r . ~8!

The terms inV(t) depending onR and r , respectively, ac-
count for the coupling of the nuclear and electronic motio
with the external field.

We label the electron states by the united-atom-lim
quantum numbers. We assume that in the absence of an
ternal field, the molecular ion is in its ground state; the el
tron is in the 1ss state. If the electron is excited to the 2ps
state, the molecular ion dissociates. The transformationR
→2R is equivalent to interchanging the nucleia andb. In
the homonuclear case (Ma5Mb) we havea5b and hence
the electronic HamiltonianHe(R) is invariant under the in-
terchange of the nuclei. This symmetry implies that the b
homonuclear molecular ion has a twofold degeneracy in
dissociation limit, although this degeneracy is lifted by t
external electric field. In the heteronuclear case (MaÞMb)
we haveaÞb, and soHe(R) is no longer invariant unde
the interchange of the nuclei; the bare heteronuclear mole
lar ion has two nearly degenerate dissociation limits@13–15#.
Assuming thatMb.Ma , and recognizing that~due to the
reduced mass correction! the system (b1e) has a lower
ground-state energy than does (a1e), the lower (1ss) and
upper (2ps) dissociation limits of the bare molecular io
(a1b1e) correspond to the asymptotic channels (b1e)
1a and (a1e)1b, respectively, and these limits ar
reached along attractive and repulsive potential-ene
curves, respectively.

It is instructive to look at the nuclear potential-ener
curves for a specific one-electron molecular ion, say HD1.
The deutron is the heavier nucleusb, andR locates the pro-
ton relative to the deutron. In the absence of an external fi
the lower and upper dissociation limits, which are split
only 3.7 meV, correspond to the channels in which the el
tron is bound~in the 1s state! to the deutron and proton
respectively. At small to moderate values of the internucl
separation, the probabilities for finding the electron near
the proton and near to the deutron are very nearly equal
matter whether the electron is in the 1ss or 2ps state, but as
the internuclear separation increases the electron move
wards a particular nucleus.~In contrast, for H2

1 the prob-
abilities for finding the electron localized near one or anot
proton remain equal at large internuclear separations.! Now
consider what happens when a static electric fieldFdc

e
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5Fdcê is introduced. If, at large internuclear separations,
electron is localized near the deutron~or proton!, the dipole
moment of the molecular ion relative to the center of mass
the nuclei isD52R/3 ~or 2R/3) since Mb /Ma52. The
interaction of this dipole moment with the dc field
2D•Fdc, and for largeFdc this interaction strongly distorts
the nuclear potentials at large values ofR, dwarfing the 3.7
meV separation of the field-free dissociation limits. Figure
is a diagram of the dressed and undressed nuclear pote
energy curves, calculated withR either parallel or antiparal
lel to Fdc; these curves@16# represent the real parts of th
1ss and 2ps eigenvalues of the Hamiltonian

Hdc
(e)~R!1~b2a!Fdc•R1

1

R
,

whereHdc
(e)(R) is the Hamiltonian of the electron in the pre

ence of the dc field, with the nuclei clamped in place a
fixed value ofR, i.e.,

Hdc
(e)~R!5He~R!1Fdc•r . ~9!

The attractive and repulsive curves, when dressed by th
field, turn downhill and uphill, respectively, at largeR. Thus,
in the presence of the dc field the HD1 ion can dissociate
from its ground state, by tunneling through either the low
left or lower right barrier. While the tunneling rate is ve
small, the heights of these barriers decrease as the
strength is increased, and when the field is sufficien
strong, over-the-barrier dissociation can occur. The sam
true for H2

1 , but in the case of HD1 the potential-energy
curves are asymmetric under the interchangeR→2R. In-
deed, since the right barrier is lower and narrower than
left one, the rate for production of H1 ions is larger than tha
for D1 ions.

FIG. 2. The 1ss and 2ps potentials for nuclear motion of HD1

when dressed by a dc fieldFdc of strength 0.01 a.u., with the inter
nuclear line oriented parallel~positive R) or antiparallel~negative
R) to Fdc. The broken lines are the undressed potential curves;
3.7-meV separation of the undressed dissociation limits is not
ible.
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As indicated in Fig. 2, whenR is antiparallel toFdc there
is a discontinuous interchange of the asymptotic chann
once the dc field is turned on. This discontinuity is possi
because the dipole coupling energyFdcR is larger than the
separation of the field-free dissociation limits forany non-
zero value ofFdc if R is sufficiently large. WhenFdcÞ0, the
electron is forced to move to the nucleus that is consis
with the direction of the molecular dipole moment. Note al
that when the nuclei are clamped in place, the undres
electronic wave functions for H2

1 and HD1 are the same if
these wave functions are expressed in terms of the coordi
r c which locates the electron relative to the midpoint of t
nuclei. Hence, the field-dressed electronic energy for HD1

can be obtained from the field-dressed electronic energy
H2

1 by the change of variables

r5r c2~b2a!R/2. ~10!

This change of variables modifies the termFdc•r by 2(b
2a)Fdc•R/2, and when this modification is added to th
term (b2a)Fdc•R the difference in the dressed nuclear p
tentials for H2

1 and HD1 is seen to be (b2a)Fdc•R/2, i.e.,
2Fdc•R/6 sincea5 2

3 andb5 1
3 .

If the HD1 ion is electronically excited to the 2ps state
by a photon, in the presence of the dc field, the molecular
begins to dissociate but the nuclei become trapped in
upper left or upper right potential well, and it is only b
either rotation of the internuclear axis~which we ignore! or
dc-field ionization that the molecular ion can break up.
mentioned earlier, a strong dc field acts in almost the sa
way as a strong low-frequency ac field. However, wherea
dc field gives rise to an infinitely high barrier, an ac fie
gives rise to a barrier that is of finite height@2–5#. The
nuclear potential-energy curves dressed by dc and ac fi
differ beyond an internuclear separation that can be e
mated as follows: LetDE0

(e)(R) denote the magnitude of th
field-free energy splitting between the 1ss and 2ps elec-
tronic energies at an internuclear separationR. In the absence
of an external field, the electron is not preferentially loc
ized about either nucleus, at least for small to moderate
ues ofR; the electron oscillates between the nuclei with@17#
a characteristic period of 1/DE0

(e)(R). If, however, a dc field
is included, the electron becomes localized about a partic
nucleus, as noted in the preceding paragraph and indicate
Fig. 2. If we were to reverse the direction ofFdc, we would
have to redraw Fig. 2; the revised curves would be the sa
as those obtained by rotating the plane of Fig. 2 throu
180°. For example, the upper left and right curves on
redrawn Fig. 2 would correspond to the asymptotic chann
H1D1 and D1H1, respectively. Consequently, if we wer
to adiabatically change the direction ofFdc, the electron
would move from one nucleus to the other. Suppose t
instead of a dc field, a monochromatic ac fieldFac(t)
[Facsin(vt)ê were introduced. This ac field changes dire
tion every one-half cycle. The change in localization of t
electron must take place before the field-free energy split
DE0

(e)(R) is dwarfed by the dipole coupling energ
Facsin(vt)R. Hence the time, saydt, allowed for the electron

e
s-
4-3
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ZUFAR MULYUKOV AND ROBIN SHAKESHAFT PHYSICAL REVIEW A 63 053404
to move from one nucleus to the other is given
FacvRdt,DE0

(e)(R), i.e., dt'DE0
(e)(R)/(FacvR). How-

ever,dt must be larger than the time 1/DE0
(e)(R) that it ac-

tually takes for the electron to transfer between nuc
Hence, the nuclear potential-energy curves dressed by a
field resemble those dressed by a dc field for internuc
separations smaller than a characteristic value ofR, which
satisfies the equation

R5@DE0
(e)~R!#2/~Facv!. ~11!

Evidently, the solution of this equation increases asv de-
creases, but it cannot be large unlessv is very small since
DE0

(e)(R) decreases exponentially asR increases.

III. TECHNICAL DETAILS

The electronic HamiltonianHe(R) can be simplified by
using prolate spheroidal coordinates. To use these coo
nates, we must first change variables fromr to r c . This
change leads to a cross term in gradients with respect tr c
and R since now differentiation with respect toR is to be
carried out holdingr c , rather thanr , constant; see, e.g.,@15#.
For the purpose of illustration only, a specific gauge,
length gauge, is now adopted; we have, neglecting a term
(1/mn)“ rc

2 ~which is of orderme /mn),

H~ t !52
1

2mn
“R

2 2
~b2a!

2mn
“R•“ rc

1
1

R
1He~R!

1
~b2a!

2
F~ t !•R1F~ t !•r c . ~12!

The separability ofHe(R) in the prolate spheroidal coord
nate system (l,m,f), with origin at r c50, has frequently
been exploited. Here,f is the azimuthal angle~with polar
axis along the internuclear axis! and

l5~r a1r b!/R, ~13!

m5~r a2r b!/R, ~14!

where 1<l<` and21<m<1. We have

He~R!5
22

meR
2~l22m2!

F ]

]l S ~l221!
]

]l D1
]

]m

3S ~12m2!
]

]m D1S 1

~l221!
1

1

~12m2!
D ]2

]f2

12meRlG . ~15!

Adopting the ~drastic! approximation that the internuclea
line is oriented along the polarization axisê gives

“R'ê
]

]R
, ~16!
05340
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F~ t !•R5F~ t !R, ~17!

F~ t !•r c5F~ t !~Rl/2!m. ~18!

In Eq. ~16!, differentiation with respect toR is to be carried
out holdingr c constant. However, to use prolate spheroid
coordinates, differentiation with respect toR must be carried
out holdingl, m, andf constant; hence Eq.~16! must be
replaced by

“R'êS ]

]R
2

1

R

l~l221!

~l22m2!

]

]l
2

1

R

m~12m2!

~l22m2!

]

]m D .

~19!

In reexpressing (1/mn)“R
2 and (1/mn)“R•“ rc

in prolate

spheroidal coordinates, cross terms involving]/]R and ei-
ther ]/]l or ]/]m are retained—such cross terms are of t
order of the ratio of the momentum of the electron and
relative momentum of the nuclei, i.e., of order (me /mn)1/4 or
higher—but cross terms involving]/]l and]/]m, which are
of order (me /mn), are neglected. Thereby, we arrive at

“R
2'

]2

]R2
2

2

R~l22m2!
S l~l221!

]

]l

1m~12m2!
]

]m D ]

]R
, ~20!

“R•“ rc
'

2

R~l22m2!
S ~l221!m

]

]l
1~12m2!l

]

]m D ]

]R
.

~21!

When ur cu@R, we haveur cu'Rl, but since the asymptotic
distance of the electron from the midpoint of the nuclei is
physical importance~it is used to specify the ionization chan
nel boundary condition!, it should be expressed in terms of
single independent variable; a suitable variable is

j[R~l21!, ~22!

which ranges from 0 tò . Therefore, one final change o
variables is necessary, i.e., replacement ofl by j. Since
differentiation with respect toR must now be carried ou
holding j, m, and f constant, we must make the replac
ments

]

]l
5R

]

]j
, ~23!

]

]R
→ ]

]R
1

j

R

]

]j
, ~24!

]2

]R2
→ ]2

]R2
12

j

R

]

]j

]

]R
, ~25!

where in Eq.~25! we have omitted a term in]2/]j2, as this
is consistent with neglecting terms of order (me /mn); for the
same reason, we can drop the second term on the right
4-4
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of Eq. ~24!. Combining Eqs.~12!, ~15!, and~17!–~25! yields
an expression forH(t) in terms of theentirely independen
variablesj, m, f, andR. Taking into account the cylindrica
symmetry of the electron motion aboutê, the dependence o
He(R) on f can be separated out by substitution
exp(imf), wherem is the magnetic quantum number of th
electron; we assume that the projection of the electron an
lar momentum along the internuclear axis does not cha
during the process of alignment of the molecular syst
along ê. The final expression forH(t) in terms ofj, m, and
R is

H~ t !52
1

2mn
F ]2

]R2
12

j

R

]

]j

]

]R

2
2

R@~j1R!22~Rm!2#
S j~j1R!~j12R!

]

]j

1R2m~12m2!
]

]m D ]

]RG2
1

mn
S b2a

@~j1R!22~Rm!2#
D

3S j~j12R!m
]

]j
1~12m2!~j1R!

]

]m D ]

]R

1He~R!1
1

2
@~b2a!R1~R1j!m#F~ t !, ~26!

whereHe(R) differs from the right side of Eq.~15! only by
the change of the variablel to l5(j1R)/R, accomplished
using Eq.~23!, and by the replacement of]2/]f2 by 2m2.
Hereafter, since we consider only excitation betweens
states, we setm50.

To summarize, the two basic approximations that we h
made are~i! the alignment~or antialignment! of the internu-
clear axis with the polarization axis, and~ii ! the inclusion of
vibronic coupling only through leading~nonzero! order.
Apart from this second approximation, the Hamiltonian
Eq. ~26! is exactly equivalent to the Hamiltonian of a m
lecular ion confined to a rotational level whose angular m
mentum quantum numbers are zero. From the computati
viewpoint, a salient feature of the expression on the ri
side of Eq.~26! is that it involves onlylow-order polynomi-
als ~and derivatives! in j, m, andR, except for the singular
factors ~discussed again below! 1/R and 1/@(j1R)2

2(Rm)2#. We representH(t) on a basis composed of func
tions of the form

up~j!vq~m!ws~R!,

where, withLp(x) andPq(m) Laguerre and Legendre poly
nomials, respectively, and withp, q, ands non-negative in-
tegers,

up~j!5eikjLp~22ikj!, ~27!

vq~m!5Pq~m!, ~28!

ws~R!5ReiKRLs~22iKR!. ~29!
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Herek andK lie in the upper right quadrant of the comple
plane so that the functionsup(j) and ws(R) can represent
both closed~bound! and open~outgoing-wave! channels.
Note the prefactor ofR in ws(R), which conforms with the
boundary condition that, once the nuclear motion is restric
to one dimension, the wave function of the molecular syst
vanishes atR50. The volume element, used in constructi
the integral expressions for the matrix elements ofH(t), is

dV5~p/4!@~j1R!22~Rm!2#dj dm dR. ~30!

The singular factors 1/R and 1/@(j1R)22(Rm)2#, which
premultiply derivatives inH(t), disappear in the integrand
of the matrix elements sinceH(t) is premultiplied by
ws(R)dV. Noting that *0

`dxxle2xLp(x)Lp8(x) and
*21

1 dxxl Pq(x)Pq8(x) vanish if up2p8u. l and uq2q8u. l ,
the matrix representingH(t) on the above basisis highly
sparse. Consequently, storage requirements, and the num
of operations required in manipulatingH(t), are minimized.

IV. RESULTS AND DISCUSSION

In this section, we discuss results of calculations of
rate for breakup of H2

1 by one photon in the presence of

dc field Fdc5Fdcê whose axisê is aligned with the polariza-
tion axis of the photon. We begin by discussing the
quasienergy of the electron, denoted byEdc

(e)(R); this is a
complex eigenvalue ofHdc

(e)(R), i.e., of the Hamiltonian, de-
fined by Eq.~9!, for a molecular ion dressed by a dc fie
with the nuclei clamped in place. The eigenvalue probl
for Edc

(e)(R) was solved on a basis composed of the produ
up(j)vq(m), where the internuclear separation appe
merely as a parameter. The electron energy is shifted at e
value ofR from its unperturbed valueE0

(e)(R) by the amount
Ddc

(e)(R), and it is broadened by the amountGdc
(e)(R). Thus we

can write

Edc
(e)~R!5E0

(e)~R!1Ddc
(e)~R!2

i

2
Gdc

(e)~R!, ~31!

with Gdc
(e)(R) the rate for ionization from a particular elec

tronic state when the nuclei are at the separationR. Values of
Edc

(e)(R) have been calculated previously@18,19# for H 2
1 for

various values ofR andFdc; we have extended these calc
lations to additional values ofR andFdc.

In Fig. 3 we show the 1ss and 2ps potential-energy
curves for the protons when H2

1 is dressed by a dc field o
various strengths. These curves represent the real pa
Edc

(e)(R) plus the Coulomb repulsion energy, 1/R, of the pro-
tons. We comment below on the solid squares and triang
which mark the 2ps potential curves. Prior to electroni
excitation by the photon, the nuclei sit in the lowest vibr
tional state of the 1ss potential well. However, as the d
field increases, the 1ss well becomes wider and shallowe
and for a dc-field strength above about 0.06 a.u. The mole
lar ion can dissociate over the barrier to the right of the w
In Fig. 4, we show the probability density for the nuclei to
at a given separation in the initial 1ss state, for various
4-5
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dc-field strengths. The ‘‘equilibrium’’ separation, sayR0, of
the nuclei is the point at which this probability density has
maximum. Note that as the dc-field strength increases,R0
increases and the probability distribution of the nuclei bro
ens, corresponding to the change in shape of the 1ss poten-
tial well.

If the molecular ion is photoexcited to the 2ps electronic
state, the nuclei become trapped in the 2ps potential well,
and they would be unable to separate beyond the turn
point were it not for either rotation of the internuclear ax
~which we ignore! or the existence of a mechanism for rap
transfer of the electron out of the 2ps state. In Fig. 5, we
show the rate for ionization from the 2ps state, i.e.,Gdc

(e)(R),
versusR for various dc-field strengths. Evidently, for eac
dc-field strength the ionization rate exhibits peaks at sev
different values ofR. These peaks, seen also in earlier c
culations@18–20#, correspond to resonances.

FIG. 3. The 1ss and 2ps potentials for nuclear motion of H2
1

when dressed by a dc field of various strengths. We have indic
the internuclear separation at which the rate for ionization from
~dressed! 2ps state exhibits its most prominent~solid square! and
next most prominent~solid triangle! shape resonance.

FIG. 4. The normalized probability density for the nuclei to
separated a distanceR in the initial 1ss state, when dressed by a d
field of various strengths.
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The electronic potential, along the direction ofFdc—thez
axis, say—consists of two wells, each one centered abo
different nucleus, with one well higher than the other@21#. In
Fig. 6, we show a picture of this potential for particular va
ues ofR and Fdc, i.e., 9 a.u. and 0.0533 a.u., respective
Plummer and McCann@18# have displayed, most instruc
tively, the electronic potential for a variety of values ofR
and Fdc, together with the dressed 1ss and 2ps electron
energy levels. In the absence of the dc field, both we
would have equal heights, and the probabilities for findi
the electron localized in one or the other well would
equal, no matter which of the two states—1ss or 2ps—the
electron occupies@17#. However, we see, by referring to Fig
2, that in the presence of the dc field the localization of
electron~for largeR) depends on the electron’s state; if th
electron is in the 2ps state, it is localized about the particu
lar nucleus that gives the molecular system a net dipole
ment that points in the direction opposite to that ofFdc.
Now, the dipole moment of the negatively charged elect

ed
e

FIG. 5. The half-rate for ionization from the~dressed! 2ps state
vs internuclear separationR for various dc-field strengths.

FIG. 6. Electronic potential for H2
1 along the polarization (z)

axis whenR59 a.u. and a dc field of strength 0.0533 a.u.
present. We show some of the discrete~autoionizing! levels in the
wells.
4-6
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is 2r /2 relative to the midpoint of the nuclei. Hence, wh
the electron is in the 2ps state, it has a dipole moment th
is approximately2(R/2)ê, and the energy arising from th
coupling of this dipole to the dc field isFR/2. Conversely,
when the electron is in the 1ss state, the energy arising from
the dipole coupling is2FR/2. It follows that ~for large R)
the electron is localized in the upper or lower well accord
to whether it is in the 2ps or 1ss state, respectively.

While the 2ps energy level shifts upwards asFdc in-
creases, other more highly excited state levels shift do
wards, as shown in Fig. 7~b! for R510 a.u. Resonances i
the rate for ionization from the 2ps state occur at those
values ofFdc where a highly excited state level crosses
2ps level. The importance of such resonances in enhanc
molecular ionization was discussed earlier by Seidem
et al. @22#, who carried out calculations for a model on
dimensional molecular ion exposed to a strong ac field. T
crossing points vary with bothFdc andR; if Fdc is held fixed
~but nonzero!, crossing points always occur for some valu
of R. In Fig. 7~a!, we show the level crossings for the sam
value of Fdc as was taken in Fig. 6. In Fig. 3, the sol
squares and triangles, respectively, mark the internuc
separations at which the rate for ionization from the 2ps
state exhibits its most prominent and next most promin
resonances. On resonance, the electron can rapidly tra

FIG. 7. Real part of the dc quasienergyEdc
(e)(R) of the electron

for variouss states of H2
1 ~a! vs R when a dc field of strength

Fdc50.0533 a.u. is present, and~b! versusFdc for R510 a.u.
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from the higher well to~a highly excited state in! the lower
well of the electronic potential, and the electron can sub
quently escape by passing over the outer hump of the lo
well. However, it is not necessary for the electron to esc
in order for the nuclei to be released; once the electron tra
fers to the lower well, the nuclei move in a downwar
sloping potential, along which they can slide to freedom.

We can make a crude estimate of the internuclear sep
tions at which the two most prominent resonances occu
follows: For largeR, and in the absence of the dc field, th
energy of the electron in the 2ps or 1ss state is approxi-
mately20.529/(4R4) in a.u., where the correction of orde
1/R4 is due to the polarization of the ground-state hydrog
atom, whose polarizability is92 a.u., by the distant isolated
proton. For simplicity, we neglect corrections of order 1/R4,
and, when the dc field is included, we also neglect corr
tions of orderFdc

2 andFdc/R2. Thus the 2ps electronic en-
ergy, in the presence of the dc field, is

E2p,dc
(e) ~R!'20.51FdcR/2 ~32!

in a.u. The levels that shift downwards and cross the 2ps
level correspond, at asymptotically largeR, to channels in
which the isolated hydrogen atom is in an excited sta
Now, in the presence of a dc field, an excited hydrogen a
has a permanent dipole moment, due to the mixing of deg
erate levels with opposite parities, and it therefore underg
a linear Stark shift. The levels that are closest to the 2ps
level correspond to asymptotic channels in which the i
lated hydrogen atom is in a mixture of 2s and 2p states, with
a Stark shift of63F in a.u. The energies of these mo
highly excited levels are therefore

Eex,dc
(e) ~R!'20.1252FdcR/263Fdc ~33!

in a.u. The resonances occur whereEex,dc
(e) (R)5E2p,dc

(e) (R),
i.e., where, in a.u.,

R'~3/8Fdc!63. ~34!

According to this rather crude estimate, the two most pro
nent resonances occur at internuclear separations that~i! de-
crease asFdc increases and~ii ! differ by 6 a.u. We can asses
the validity of Eq.~34! by perusal of Fig. 3 and Table I; no
surprisingly, our estimates of the resonance positions
more accurate at smaller field strengths, i.e., at largerR. The
most prominent of the two resonances is the one occurrin

TABLE I. The internuclear separations,Rres,1 and Rres,2, at
which the two most prominent resonances in the 2ps ionization
rate occur for different values of the dc-field strengthFdc. Also
shown are the crude estimates, (3/8Fdc)73, of these resonance po
sitions. All results are in a.u.

Fdc Rres,1 (3/8Fdc)23 Rres,2 (3/8Fdc)13

0.02 15.3 15.7 20.4 21.7
0.04 7.2 6.4 11.2 12.4
0.06 4.9 3.2 8.3 9.2
0.08 3.6 1.7 7.0 7.7
4-7
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ZUFAR MULYUKOV AND ROBIN SHAKESHAFT PHYSICAL REVIEW A 63 053404
the larger internuclear separation, i.e., close to (3/8Fdc)
13 a.u., since the outer hump of the lower well of the ele
tronic potential, over which the electron must pass if it is
escape, becomes narrower asR increases, and the likelihoo
of the electron backscattering from this hump diminishes

To obtain the dc quasienergy,Edc, of the molecular ion
we solved the eigenvalue problem

HdcuFdc&5EdcuFdc&, ~35!

whereHdc is the Hamiltonian of the complete molecular io
dressed by the dc field; we tookHdc to be the right side of
Eq. ~26! with F(t) replaced byFdc. The eigenfunction
Fdc(j,m,R) is a linear combination of the produc
up(j)vq(m)ws(R), where up(j), vq(m), and ws(R) were
defined@23# by Eqs.~27!–~29!. The probability density for
the nuclei to be at the separationR is

~p/4!E
0

`

djE
21

1

dm@~j1R!22~Rm!2#uFdc~j,m,R!u2.

This is the density shown in Fig. 4 for the 1ss state. The rate
at which the molecular ion breaks up due to a dc field
G1s,dc522 ImE1s,dc, where the label 1s has been added a
a reminder that the initial state is the ground state. Whe
moderately weak monochromatic ac fieldFac(t)
[Fac cos(Vt)ê is also included, the total rate for breakup b
one photon in the presence of the dc field is, treating the
field as a perturbation,

G1s,tot5G1s,dc1G1s,ac, ~36!

whereG1s,ac is the contribution due to the ac field:

G1s,ac522 Im^F1s,dcuV2Gdc~E1s,dc1V!V1uF1s,dc&,
~37!

whereGdc(E)51/(E2Hdc) and where, adopting the lengt
gauge,

V65Facê•r /2. ~38!

FIG. 8. The frequency profile of the total breakup rate for H2
1

for various dc-field strengths.
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In Fig. 8 we show the frequency profile ofG1s,tot for various
dc-field strengths. The small hump on the high-frequen
side of this profile is due to electronic transitions tos states
that are more highly excited than the 2ps state.

As Fdc increases, the frequency profile shifts to low
frequencies, at least untilFdc reaches the strength, about 0.0
a.u., at which over-the-barrier dissociation from the 1ss well
becomes possible. This is clear from Fig. 9, where we sh
the frequency at which the peak in the profile occurs ver
Fdc. The shift in the profile asFdc varies below the threshold
for over-the-barrier dissociation can be understood from
condition for the 1ss→2ps electronic transition to be on

FIG. 9. The frequency at which the profile of the breakup r
has its maximum, for various dc-field strengths. The dashed lin
the energy splitting,V0, of the dressed 1ss and 2ps electronic
energies at the ‘‘equilibrium’’ separationR0.

FIG. 10. Schematic diagram showing resonant electronic e
tation from the 1ss state to the 2ps state by a photon of frequenc
V0 in the presence of a dc field. HereR0 is the ‘‘equilibrium’’
separation of the nuclei in the initial~dressed! 1ss state,Rmax is the
maximum separation to which the nuclei can dissociate after p
toexcitation, andRres is the internuclear separation at which the ra
for ionization from the 2ps state exhibits its most prominent reso
nance. The width of the frequency profile, when determined fr
the condition for resonant excitation, isDV0.
4-8
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resonance. This condition—see Fig. 10—is thatV5V0,
whereV0 is the energy splitting of the dressed 1ss and 2ps
electronic energies atR0, the ‘‘equilibrium’’ ~i.e., most prob-
able! separation of the nuclei. We showV0 in Fig. 9. While
V0 overestimates the frequency at which the profile has
peak@24#, the trend inV0 asFdc increases is consistent wit
the shift in the profile~below the threshold for over-the
barrier dissociation!.

The width of the frequency profile remains almost co
stant, decreasing slightly, asFdc increases, untilFdc reaches
about 0.05 a.u. This is clear from Fig. 11. The contribution
the width of the profile from the dc width of the 1ss energy
level is negligible over the range of field strengths cons
ered. Rather, the width of the profile is related, primarily,
the width of the probability distribution of the nuclei. Th
variation inV0 that is allowed by the resonance condition
shown asDV0 in Fig. 10. Just asV0 overestimates the fre
quency at which the profile has its peak, so doesDV0 over-
estimate the width of the profile@24#, but the trend is again
consistent. However, the absence of broadening of the
quency profile forFdc,0.05 a.u. is perhaps surprising sin
it is evident from Fig. 4 that the probability distribution o
the nuclei does broaden significantly asFdc increases. It
turns out, fortuitously, that the shift inR0 is such thatDV0
hardly changes. The broadening of the frequency profile
Fdc.0.05 a.u. is due primarily to the merging of the ma
part of the profile with the hump on the high-frequency sid
reflecting the increasing importance of electronic transitio
to s states that are more highly excited than the 2ps state.

FIG. 11. The full width at half maximum of the frequency pr
file, for various dc-field strengths. The dashed line is the widthDV0

~determined from the condition for resonant excitation!—see Fig.
10.
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The height of the profile at first increases slightly asFdc
increases, and then decreases rapidly. This is clear from
12. We believe that the initial slight increase in the profile
height is due to the shift to lower frequencies~recall Fig. 9!,
which results in a larger oscillator strength for the electro
1ss-2ps excitation. To explain the sharp falloff in the pro
file’s height whenFdc increases beyond about 0.05 a.u., w
refer again to Fig. 12, where we show also the relative he
of the initial probability distribution of the nuclei in the 1ss
potential well. The height of this probability distribution de
creases immediately asFdc increases~due to the broadening
of the distribution! and the effect is to reduce the oscillat
strength for photoexcitation. At first, the decrease in
height of the probability distribution of the nuclei is gentl
and is more than compensated for by the shift to lower f

FIG. 12. The relative height of the frequency profile, for vario
dc-field strengths. The dashed line is the relative height of the in
probability distribution of the nuclei with respect to their separati
in the 1ss potential well; this probability distribution has bee
renormalized so that it is equal to the height of the frequency pro
whenFdc50.

FIG. 13. The internuclear separation,Rres, at which the rate for
ionization from the 2ps state exhibits its most prominent reso
nance. The dashed line is the maximum separation,Rmax, to which
the nuclei can dissociate after photoexcitation.
4-9
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ZUFAR MULYUKOV AND ROBIN SHAKESHAFT PHYSICAL REVIEW A 63 053404
quencies, but asFdc approaches the threshold for over-th
barrier dissociation, the dispersion of the nuclei becomes
vere, and dominates atFdc'0.05 a.u.

We have ignored the rotation of the H2
1 ion, and, to the

extent that this is legitimate, dissociation is impeded by
field-induced barrier, which opposes the movement of
nuclei beyond the turning point,Rmax say. In order for the
nuclei to separate beyondRmax it is necessary that the mos
prominent resonance occur at an internuclear separation,Rres
say, which is less thanRmax. The closerRres is to Rmax,
while remaining less thanRmax, the longer the time the reso
nance exerts its influence since the nuclei slow down as
u-

ev

d

y

he

A

05340
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approach the field-induced barrier. In Fig. 13 we showRmax

and Rres vs Fdc. We see thatRmax approaches, but remain
above,Rres until Fdc reaches about 0.06 a.u., at which po
over-the-barrier dissociation from the initial state begins
play an important role.
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