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Breakup of H,™ by one photon in the presence of a strong dc field
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We calculate the frequency profile of the rate for breakup gf Hy one photon in the presence of a strong
dc field. After photoexcitation of the molecular ion from its grourstrlelectronic state to thefr electronic
state, the nuclei are temporarily trapped by a dc field-induced barrier with turning Rqint However, the
nuclei are released through either rotation of the internuclear (ahigch, for the sake of tractability, we
ignore or dc-field ionization involving resonant transfer from thea2state to a more highly excited state. The
most prominent resonance occurs at an internuclear separation that is legg,thand, in a.u., is approxi-
mately 3/(& 40 + 3, whereF 4. is the dc field strength. We interpret the change in the frequency profile,.as
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 #ie dtate.
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[. INTRODUCTION dipole moment is antiparallel to the dc field. As long as the
molecular ion remains in thestr electronic state this orien-
Previous studies of the dissociation and ionization of theation is stable. However, if the Hi ion is excited to the
one-electron molecular ions,A and HD' by strong ac  2po state without rotation of the internuclear axis its dipole
fields have revealed a wide variety of interesting effects thamoment points in the reverse direction, parallel to the dc
distinguish the breakup of molecular ions from the breakugdield, which is an unstable orientation. Therefore the question
of atoms. Among numerous examples we cite bond softeningrises as to whether the rotation of theHion can be ig-
(see, e.g.[1]), vibrational trappingsee, e.g.[2-5]), coun-  nored during the time it takes for dissociative ionization to
terintuitive angular distributions for the fragments emitted inoccur. It is difficult to give a definitive answer, but we can
dissociation of HD by a two-color optical field6], and make a rough assessment as follows: At a moderately large
angular distributions for the fragments emitted in dissociainternuclear separatioR the dipole moment ie /2 and the
tion of HD" by a two-color microwave field that depend frequency of rotation of the dipole in a dc field of strength
strongly on which isotope, H or D, is released7]. An  Fg. is y2MR/F4g& whereM is the proton mass. The period
informative review of experimental and theoretical aspects obf rotation must be larger than the time it takes for the' H
H," ions in strong laser fields has been given by Giusti-ion to separate to the poir..s, where resonant ionization
Suzoret al. [8]. leads to rapid breakup. Roughly speaking the latter time is
In the current paper, we present and discuss results @®,.Jv, whereMv?/2=#€Q and() is the photon frequency.
calculations of the frequency profile of the rate for breakupThus we requireffQ/eFyR.ed>1. In Sec. lll we show that
of H," by one photon in the presence of a strong dc electrie FyR,.e~(3/8) a.u., and sincé() is about 0.7 a.u. our con-
field. The photon, supplied by, for example, a moderatelydition is only barely satisfied, if at all. Therefore we do not
weak tunable laser field, can excite the molecular ion fromexpect the results of our calculation to provide more than just
its ground Ko electronic state to thef®r electronic state.  a qualitative picture. Our remaining approximations are more
The dc field dresses the electronic states in almost the sameliable: We place no restriction on the degrees of freedom of
way as does a low-frequency ac electric field. One-photonhe electron motion. Nor do we place any limit on the num-
dissociation of H" and HD' in the absence of a dressing ber of electronic levelgaside from the limit implicitly im-
field was studied experimentally and theoretically some timgposed by the size of the basis on which the electronic wave
ago[9,10. However, the inclusion of a strong dc field radi- function is expanded While the effect of vibronic coupling,
cally alters the dynamics, not only by significantly modifying i.e., the explicit coupling of the nuclear and electronic mo-
the potential-energy curves along which the nuclei move butions, may be expected to be small, we include this coupling
also by opening up another pathway for breakup, i.e., ionizasince it is not difficult to do so, through leading order in
tion. (me/ )Y, wherem, is the electron mass and, is the
The exact treatment of a three-body system in an externakduced mass of the nuclei. The error in the wave function
field is, of course, a formidable challenge, and we arencurred within the Born-Oppenheimer approximation is of
obliged to make a drastic approximation: We restrict the moorder m./u,)> when the nuclei are frozen and of order
tion of the nuclei to one dimension, along the electric-field(m,/u,)%* when the nuclei are allowed to move in the elec-
axis, with the H™ ion oriented so that prior to excitation its tronic potential generated while the nuclei are froZé.
After vibronic coupling is included through leading order,
the error in the wave function is only of ordam{/w,). We
*Present address: Department of Computer Science and Engine@xpress the Hamiltonian in terms of the internuclear separa-
ing, University of California, La Jolla, CA 92093-0114. tion R and modifiedprolate spheroidal electron coordinates,

1050-2947/2001/63)/05340410)/$20.00 63 053404-1 ©2001 The American Physical Society



ZUFAR MULYUKOV AND ROBIN SHAKESHAFT PHYSICAL REVIEW A 63 053404

ion is V(t), and separating out the motion of the center of
mass of the molecular ion, the Hamiltonian governing the
internal motion i§12]

2 Zazb
Vit —5— THe(R)+V(1). (6)

HO=—5 - =

Hereafter, corrections of ordemn./u,, are neglected, and the
nuclear charges are restricted ,=Z,=1. Let F(t)
., =F(t)e denote the external electric fielavhich may not
depend on the timg), with associated vector potential(t).
FIG. 1. The coordinate system. The electmois at distances of In the length and velocity gauges, respectively, we have
r, andry,, respectively, from the nuclea and b, and is located

relative to the center of mass of the nuclei, and the midpoint of the V(t)=(B—a)F(t)-R+F()-r, (7)
nuclei, byr andr, respectively. The vectdR locatesa relative to ) )
b. V()= (i/ ) (B—a)A(t)- Vet (i/mg)A(t)- V.. (8)

and we expand the complete wave function in terms of basi$he terms inV(t) depending orR andr, respectively, ac-
functions that are tailored to the boundary conditions of thecount for the coupling of the nuclear and electronic motions
problem. The matrix representing the Hamiltonian is highlywith the external field.
sparse when, as done here, vibronic coupling is included We label the electron states by the united-atom-limit
only through leadingnonzerog order. quantum numbers. We assume that in the absence of an ex-
In the next two sections we describe the formalism, beternal field, the molecular ion is in its ground state; the elec-
ginning with a preliminary discussion in Sec. Il and proceed-tron is in the ko state. If the electron is excited to th@a
ing to the technical details of the calculation in Sec. lll. Forstate, the molecular ion dissociates. The transformafiion
generality, we do not specify the nuclear masses, and hence —R is equivalent to interchanging the nuckiandb. In
our formalism is applicable not just to,M but to all one- the homonuclear caséi,=M,) we havea= g and hence
electron molecular ions with nuclei that are isotopes of hythe electronic Hamiltoniai ;(R) is invariant under the in-
drogen, i.e., HD, HT", and Dz+v etc. On several occa- terchange of the nuclei. This symmetry implies that the bare
sions, we pause to note differences that arise betweefiomonuclear molecular ion has a twofold degeneracy in its
homonuclear and heteronuclear molecular ions. In Sec. I\vdissociation limit, although this degeneracy is lifted by the

we present and discuss our results. external electric field. In the heteronuclear cabk, ¢ M)
we havea# B, and soH¢(R) is no longer invariant under
Il. PRELIMINARY DISCUSSION the interchange of the nuclei; the bare heteronuclear molecu-

lar ion has two nearly degenerate dissociation lifi3—15.

Units in which#=1 and the electron charge is1 are  Assuming thatM,>M,, and recognizing thatdue to the
used throughout. The nuclei are labeledébgndb and the  reduced mass correctipthe system lf+e) has a lower
electron bye. The masses ad andb areM, andM, their  ground-state energy than doesHe), the lower (ko) and
charges ar&, andZ,, and the electron massis.. LetR  upper (Do) dissociation limits of the bare molecular ion
locate the position ol relative tob, and letr locate the (a+b+e) correspond to the asymptotic channels+(e)
position ofe relative to the center of mass of the nuclei; see+a and (@+e)+b, respectively, and these limits are
Fig. 1. It is convenient to define the following masses andreached along attractive and repulsive potential-energy
mass ratios: curves, respectively.

It is instructive to look at the nuclear potential-energy
curves for a specific one-electron molecular ion, say"HD
The deutron is the heavier nuclebsandR locates the pro-
#n=MaMp/(Ma+ M), @) ton relative to the deutron. In the absence of an externF;I field,
3) the lower and upper dissociation limits, which are split by

only 3.7 meV, correspond to the channels in which the elec-
— tron is bound(in the 1s statg to the deutron and proton,
B=pn/Mp. 4 : :
respectively. At small to moderate values of the internuclear
If the nuclei are clamped in place, at the separafiorihe  Separation, the probabilities for finding the electron near to
electronic Hamiltonian is the proton and near to the deutron are very nearly equal, no
matter whether the electron is in thedl or 2po state, but as
1 _, ZiZ, Zy Zy the internuclear separation increases the electron moves to-
He(R)=— 2_/Levr+ R [r—aR| |r+BR[’ ®)  wards a particular nucleugln contrast, for H the prob-
abilities for finding the electron localized near one or another
Allowing the nuclei to move, introducing an external linearly proton remain equal at large internuclear separatiddsw
polarized electric field, whose interaction with the molecularconsider what happens when a static electric fi€lg

He=Mg(Ma+ M)/ (Me+My+My), 1

a=pun/Mg,
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As indicated in Fig. 2, wheR is antiparallel toF4. there
is a discontinuous interchange of the asymptotic channels
once the dc field is turned on. This discontinuity is possible
because the dipole coupling energyR is larger than the
separation of the field-free dissociation limits fany non-
zero value ofF 4 if Ris sufficiently large. Wheik 4.# 0, the
electron is forced to move to the nucleus that is consistent
with the direction of the molecular dipole moment. Note also
that when the nuclei are clamped in place, the undressed
electronic wave functions for {1 and HD" are the same if
these wave functions are expressed in terms of the coordinate
r. which locates the electron relative to the midpoint of the
y nuclei. Hence, the field-dressed electronic energy for'HD
R : : : : : can be obtained from the field-dressed electronic energy for
R (@u) H," by the change of variables

|
o
S

Potential Energy (a.u.)
s
(5]

FIG. 2. The ko and _am potentials for nuclear mo_tion of HD r=r.—(8—a)R/2. (10)
when dressed by a dc fiekg,. of strength 0.01 a.u., with the inter-
nuclear line oriented parallépositive R) or antiparallel(negative . . o
R) to F4.. The broken lines are the undressed potential curves; thg—hIS change of variables mOd'f'eS_ ,the, teﬁ_&'r by —(8
3.7-meV separation of the undressed dissociation limits is not vis— @)Fac'R/2, and when this modification is added to the
ible. term (8— a)F4 R the difference in the dressed nuclear po-

tentials for ™ and HD' is seen to be— a)F4.R/2, i.e.,

oA . . —Fge- R/6 sincea=3% and B=3.
=F4£is introduced. If, at large internuclear separations, the If the HD" ion is electronically excited to theyr state

ﬁﬁfrt\rgr?t :)Sf ltﬁza:"nzoelgc:?;rig;erglzltjit\;e toptrhoécz:%nttr;? (;jfur)r?:;ess opy 2 photon,. in th_e presence of the QC field, the moleculgr lon
the nuclei isD=2R/3 (or —R/3) since My/M,=2. The egins to dissociate 'but the nuplel become _tra}pped in the
. . o Lo b AT e . upper left or upper right potential well, and it is only by
interaction of this dipole moment with the dc field is either rotation of the internuclear axighich we ignorg or

—D-Fqc, and for largeF this interaction strongly distorts . fie i jonization that the molecular ion can break up. As
the nuclear potentials at large valuesRyfdwarfing the 3.7 mentioned earlier, a strong dc field acts in almost the same

meV dseparatlofntﬁf tge fleldo-lfree;dls,?jOC|at|odn I|m||ts. FlgL:re t? ay as a strong low-frequency ac field. However, whereas a
'S a diagram o Ie Iressde .?hn .Llf]n resse” lnuc car po elnl ¢ field gives rise to an infinitely high barrier, an ac field
energy curves, calculated wikk either parallel or antiparal- gives rise to a barrier that is of finite heigf2—5]. The

lel 1o Foc; thesg curve$16] represent _the _real parts of the nuclear potential-energy curves dressed by dc and ac fields
1so and 2o eigenvalues of the Hamiltonian differ beyond an internuclear separation that can be esti-
mated as follows: Lef\ Ege)(R) denote the magnitude of the
HE(R)+ (8- a)Fge- R+ 1 field-free energy splitting between thesd and 2o elec-
R tronic energies at an internuclear separaioin the absence
of an external field, the electron is not preferentially local-
whererfC)(R) is the Hamiltonian of the electron in the pres- ized about either nucleus, at least for small to moderate val-
ence of the dc field, with the nuclei clamped in place at aues ofR; the electron oscillates between the nuclei Witf]

fixed value ofR, i.e., a characteristic period of AEge)(R). If, however, a dc field
is included, the electron becomes localized about a particular
H((fé)(R) =Ha(R)+Fyer. (9 nucleus, as noted in the preceding paragraph and indicated in

Fig. 2. If we were to reverse the direction Bf., we would
The attractive and repulsive curves, when dressed by the dtave to redraw Fig. 2; the revised curves would be the same
field, turn downhill and uphill, respectively, at lare Thus, ~ as those obtained by rotating the plane of Fig. 2 through
in the presence of the dc field the FiDon can dissociate, 180°. For example, the upper left and right curves on the
from its ground state, by tunneling through either the lowerr€drawn Fig. 2 would correspond to the asymptotic channels
left or lower right barrier. While the tunneling rate is very H+D" and D+H", respectively. Consequently, if we were
small, the heights of these barriers decrease as the fiel@ adiabatically change the direction &%, the electron
strength is increased, and when the field is sufficientiywould move from one nucleus to the other. Suppose that
strong, over-the-barrier dissociation can occur. The same #stead of a dc field, a monochromatic ac fiefd((t)
true for H,", but in the case of HD the potential-energy =F . sin(wt)e were introduced. This ac field changes direc-
curves are asymmetric under the interchaige —R. In-  tion every one-half cycle. The change in localization of the
deed, since the right barrier is lower and narrower than thelectron must take place before the field-free energy splitting
left one, the rate for production of Hions is larger than that AE{(R) is dwarfed by the dipole coupling energy
for D* ions. F.cSin(wt)R. Hence the time, sayt, allowed for the electron
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to move from one nucleus to the other is given by F(t)-R=F(1)R, (17
F.wRSM<AEP(R), ie., st=AEP(R)/(F,wR). How-
ever, 5t must be larger than the timeAE(® (R) that it ac- F(t)-re=F(t)(R\/2) . (19

tually takes for the electron to transfer between nuclei. ) L ) , ,
Hence, the nuclear potential-energy curves dressed by an I Eq. (16), differentiation with respect t& is to be carried

field resemble those dressed by a dc field for internucleafut holdingr. constant. However, to use prolate spheroidal
separations smaller than a characteristic valu®ofvhich coordinates, differentiation with respectRomust be carried

satisfies the equation out holding\, w, and ¢ constant; hence Eq16) must be
replaced by
R=[AEP (R)J?/(Fow). (11)
° o Jo 1A =1) 9 1u(l-up?) 4
Evidently, the solution of this equation increasescasle- Vr~e IR R (N2— u?) IN R (N2— u?) e
creases, but it cannot be large unlesss very small since (19)

AEP(R) decreases exponentially Rsincreases.
In reexpressing (;un)vg and (1/un)VR-Vrc in prolate
Ill. TECHNICAL DETAILS spheroidal coordinates, cross terms involvilgR and ei-
) L o therd/ o\ or d/du are retained—such cross terms are of the
The electronic Hamiltoniar(R) can be simplified by  orqer of the ratio of the momentum of the electron and the
using prolate spheroidal coordinates. To use these coordiz|ative momentum of the nuclei, i.e., of orden/ ) or

nates, we must first change variables fromo rc. This  pigher bt cross terms involving ax andd/dp, which are
change _Ieads to a cross t_err_n in gradlents with _resper:g 10 of order (M./u.), are neglected. Thereby, we arrive at
and R since now differentiation with respect ® is to be

carried out holding ., rather tharr, constant; see, e.415]. 92 2 P
For the purpose of illustration only, a specific gauge, the Vé%—z—ﬁ()\()\z—l)—)\
length gauge, is now adopted; we have, neglecting a term in IR®  R(N“—pu?) J
(Upn)VE (which is of ordeme/u,), PR
+M(1—M2)—)—, (20
H=— v P Y9 v v L) s
- 2Mn R 2/-Ln R Vr, R e P PR
Vk-V, ~ﬁ((>\2—1)ﬂ—+(1—,ﬁ)>\—)—.
- c — 2N du| IR
+(32a) F(t)-R+F(t) 1. (12) ROV =45 # o1

The separability oH(R) in the prolate spheroidal coordi- When|r¢|>R, we have|r.|[~R\, but since the asymptotic
nate systemX,u, ), with origin atr.=0, has frequently distance of the electron from the midpoint of the nuclei is of
been exploited. Herep is the azimuthal angléwith polar ~ Physical importancéit is used to specify the ionization chan-
axis along the internuclear axiand nel boundary condition it should be expressed in terms of a
single independent variable; a suitable variable is
N=(ratrp/R, 13
(ratry) (13 F=RO-1), 22
p=(ra=ro)/R, (14 which ranges from 0 tee. Therefore, one final change of

where I<A<w and—1<u<1. We have variables is necessary, i.e., replacementoby &. Since
differentiation with respect tdR must now be carried out

0 P P 9 holding ¢, u, and ¢ constant, we must make the replace-
_ —ln2=1)— |+ — ments
He(R) MoRZ(A2— p2) <?>\<()\ 1) M) m
2 i R i (23
d 1 1 d N RT%
X (1—M2)—)+ + — 2R
Il =1 (A=) 0g?
i i + ¢ (24
—_—— >
+2m.RA |. (15) R IR RIE
#? & £E9 4
Adopting the (drastio approximation that the internuclear ﬁ_)ﬁ+2§ﬁ_§a_R’ (25

line is oriented along the polarization axgives

where in Eq.(25) we have omitted a term in?/9&2, as this
Voo J (16) is consistent with neglecting terms of ordend/ «,,); for the
R same reason, we can drop the second term on the right side
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of Eq. (24). Combining Eqs(12), (15), and(17)—(25) yields
an expression foH(t) in terms of theentirely independent
variablesé¢, w, ¢, andR. Taking into account the cylindrical

symmetry of the electron motion abogjtthe dependence of

PHYSICAL REVIEW A 63 053404

Here k andK lie in the upper right quadrant of the complex
plane so that the functions,(§) andwg(R) can represent
both closed(bound and open(outgoing-wavé channels.
Note the prefactor oR in wg(R), which conforms with the

Ho(R) on ¢ can be separated out by substitution ofPoundary condition that, once the nuclear motion is restricted

exp(m¢), wherem is the magnetic quantum number of the t0 one dimension, the wave function of the molecular system
electron; we assume that the projection of the electron angy@nishes aR=0. The volume element, used in constructing

lar momentum along the internuclear axis does not changthe integral expressions for the matrix elementsigf), is

during the process of alignment of the molecular system

alonge. The final expression for (t) in terms ofé&, u, and
Ris

H(t)=—

2pn

d
o€

- +R)(§+2R
R[(§+R)2_(RM)Z](§(§ HereR

1

Mn

2,01 Zi)i B-a
PR R [(£+R)— (Ru)?]

d

Jd 5 J
E(&+ ZR)ﬂa—ng(l—M )(E+ R)@ R

X

1
+He(R) + S[(B= )R+ (R+Eu]F(1), (26)

whereH(R) differs from the right side of Eq(15) only by
the change of the variabble to A =(£+ R)/R, accomplished
using Eq.(23), and by the replacement &f/9¢? by —m?.
Hereafter, since we consider only excitation between
states, we san=0.

dV=(7/4)[(é+R)2— (Ru)?]dédu dR. (30)

The singular factors R and 1f(¢+R)?—(Ru)?], which
premultiply derivatives irH(t), disappear in the integrands
of the matrix elements sincéli(t) is premultiplied by
we(R)dV. Noting that [Fdxxe *L,(X)L,(x) and
JL1dxXPy(X) Py (x) vanish if [p—p’[>] and |q—q’|>1,

the matrix representingd(t) on the above basis highly
sparse Consequently, storage requirements, and the number
of operations required in manipulatif(t), are minimized.

IV. RESULTS AND DISCUSSION

In this section, we discuss results of calculations of the
rate for breakup of k" by one photon in the presence of a
dc field Fy.= F 4 whose axie is aligned with the polariza-
tion axis of the photon. We begin by discussing the dc
quasienergy of the electron, denoted IESFC)(R); this is a
complex eigenvalue dfi{?(R), i.e., of the Hamiltonian, de-
fined by Eq.(9), for a molecular ion dressed by a dc field
with the nuclei clamped in place. The eigenvalue problem
for E(R) was solved on a basis composed of the products
Up(€)vg(p), where the internuclear separation appears
merely as a parameter. The electron energy is shifted at each

To summarize, the two basic approximations that we havgalue ofR from its unperturbed valug{® (R) by the amount

made ar€(i) the alignmenior antialignmentof the internu-
clear axis with the polarization axis, afid) the inclusion of
vibronic coupling only through leadingnonzerg order.

Apart from this second approximation, the Hamiltonian of
Eq. (26) is exactly equivalent to the Hamiltonian of a mo-

A®(R), and it is broadened by the amouHf)(R). Thus we
can write

[
ER(R=EP(R+ARR -5TR(R)., (31

lecular ion confined to a rotational level whose angular mo-

mentum quantum numbers are zero. From the computational
viewpoint, a salient feature of the expression on the righttr

side of Eq.(26) is that it involves onlylow-order polynomi-
als (and derivativesin ¢, u, andR, except for the singular
factors (discussed again below1/R and 1f(é+R)?
—(Ru)?]. We represenH(t) on a basis composed of func-
tions of the form

up(g)vq(ﬂ')ws( R),

where, withL ;(x) andP(«) Laguerre and Legendre poly-
nomials, respectively, and with, g, ands non-negative in-
tegers,

Up(&) =€l (- 2iké), 27
vg(u)=Pq(u), (28)
ws(R)=ReXRL(—2iKR). (29

with F&?(R) the rate for ionization from a particular elec-
onic state when the nuclei are at the separafovalues of
E®(R) have been calculated previougtys,19 for H; for
various values oR andF,4.; we have extended these calcu-
lations to additional values d® and F 4.

In Fig. 3 we show the 4o and 2o potential-energy
curves for the protons when,H is dressed by a dc field of
various strengths. These curves represent the real part of
E((fé)(R) plus the Coulomb repulsion energyRl/of the pro-
tons. We comment below on the solid squares and triangles,
which mark the o potential curves. Prior to electronic
excitation by the photon, the nuclei sit in the lowest vibra-
tional state of the 4o potential well. However, as the dc
field increases, thestr well becomes wider and shallower,
and for a dc-field strength above about 0.06 a.u. The molecu-
lar ion can dissociate over the barrier to the right of the well.
In Fig. 4, we show the probability density for the nuclei to be
at a given separation in the initials& state, for various
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FIG. 3. The Bo and 2o potentials for nuclear motion of FIG. 5. The half-rate for ionization from thdressefi2po state
when dressed by a dc field of various strengths. We have indicateds internuclear separatidr for various dc-field strengths.
the internuclear separation at which the rate for ionization from the
(dressefl 2po state exhibits its most prominefgolid squarg and

The electronic potential, along the directionf—the z
next most prominengsolid triangle shape resonance. P 9 ek

axis, say—consists of two wells, each one centered about a
different nucleus, with one well higher than the otfi2t]. In

Fig. 6, we show a picture of this potential for particular val-
ues ofRandF, i.e., 9 a.u. and 0.0533 a.u., respectively.
Plummer and McCanfl8] have displayed, most instruc-
tively, the electronic potential for a variety of values Rf
and F 4., together with the dresseds& and 2o electron
energy levels. In the absence of the dc field, both wells
would have equal heights, and the probabilities for finding
the electron localized in one or the other well would be
gqual, no matter which of the two statesselor 2po—the
electron occupiegl7]. However, we see, by referring to Fig.

. 2, that in the presence of the dc field the localization of the
transfer of the elt_actron _OUt of thepz state. ”_1 F|g(.e)5, we electron(for largeR) depends on the electron’s state; if the
show the rate for ionization from thep2r state, i.e.I'yc (R), electron is in the Po state, it is localized about the particu-

versusR for various dc-field strengths. Evidently, for each 5y cleus that gives the molecular system a net dipole mo-
dc-field strength the ionization rate exhibits peaks at severgl,ant that points in the direction opposite to that ..

diﬁe(ent values ofR. These peaks, seen also in earlier Ca"Now, the dipole moment of the negatively charged electron
culations[18-2(0, correspond to resonances.

dc-field strengths. The “equilibrium” separation, sRy, of
the nuclei is the point at which this probability density has its
maximum. Note that as the dc-field strength increaggs,
increases and the probability distribution of the nuclei broad
ens, corresponding to the change in shape of g fdoten-
tial well.

If the molecular ion is photoexcited to thep@ electronic
state, the nuclei become trapped in theo2potential well,
and they would be unable to separate beyond the turnin
point were it not for either rotation of the internuclear axis
(which we ignore or the existence of a mechanism for rapid

1.0
1.8 —————— . —
r Foe=0.0 au.
161 .
L 0.5
145 - .
I F,,=0.05 3
10 o= au. g
>
f 1 % 00
z | & 2p
3 s J—
kS 08 £ -0.5
S F 2
S 06 < 1s
04 -1.0
0.2
- A5
0 -5 -10 -5 0 5 10 15

4 45

z (a.u.)

R(a.u.)
FIG. 6. Electronic potential for I along the polarizationz)

FIG. 4. The normalized probability density for the nuclei to be axis whenR=9 a.u. and a dc field of strength 0.0533 a.u. is
separated a distané®in the initial 1so state, when dressed by a dc present. We show some of the discré&etoionizing levels in the
field of various strengths. wells.
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0= T — T T T T T T T TABLE I. The internuclear separation®es; and Ry, at
L —_——— | which the two most prominent resonances in thmr2ionization
04l | rate occur for different values of the dc-field strendtl.. Also
’ shown are the crude estimates, (34§ + 3, of these resonance po-
= 2P g sitions. All results are in a.u.
8 081 =
e g B Fac Rres,l (3/8F g0 —3 Rres,z (3/8F g +3
w
e A 7 0.02 15.3 15.7 20.4 21.7
T /s Fyo=0.0533 a.u. @ | 0.04 7.2 6.4 11.2 12.4
18— . 0.06 4.9 3.2 8.3 9.2
r 1 0.08 3.6 1.7 7.0 7.7
_2 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1

R (a.u.) from the higher well tola highly excited state jnthe lower
well of the electronic potential, and the electron can subse-
quently escape by passing over the outer hump of the lower
well. However, it is not necessary for the electron to escape
in order for the nuclei to be released; once the electron trans-
fers to the lower well, the nuclei move in a downward-
sloping potential, along which they can slide to freedom.
We can make a crude estimate of the internuclear separa-
tions at which the two most prominent resonances occur as
follows: For largeR, and in the absence of the dc field, the
energy of the electron in thep2r or 1so state is approxi-
mately —0.5— 9/(4R%) in a.u., where the correction of order
1/R* is due to the polarization of the ground-state hydrogen
atom, whose polarizability i§ a.u., by the distant isolated
proton. For simplicity, we neglect corrections of ordeR4,/
Fio (L) and, when the dc field is included, we also neglect correc-
tions of orderFﬁC andF 4./R2. Thus the Do electronic en-

FIG. 7. Real part of the dc quasiener§ff)(R) of the electron  ergy, in the presence of the dc field, is
for various o states of Ij+ (a vs R when a dc field of strength

F4.=0.0533 a.u. is present, arfd) versusF 4. for R=10 a.u. E(z?,dc( R)~—0.5+F4R/2 (32

Re (E,”) (a.u)

0 0.01 0.02 0.03 0.04 0.05 0.06

is —r/2 relative to the midpoint of the nuclei. Hence, whenin a.u. The levels that shift downwards and cross tipe 2
the electron is in the Ro state, it has a dipole moment that level correspond, at asymptotically larg®e to channels in
is approximately— (R/2)e, and the energy arising from the which the isolated hydrogen atom is in an excited state.
coupling of this dipole to the dc field iER/2. Conversely, Now, in the presence of a dc field, an excited hydrogen atom
when the electron is in thestr state, the energy arising from Nas a permanent dipole moment, due to the mixing of degen-
the dipole coupling is- FR/2. It follows that(for large R) era_lte levels with c_)pposue parities, and it therefore undergoes
the electron is localized in the upper or lower well according? linear Stark shift. The levels that are closest to tiper2
to whether it is in the Po or 1so state, respectively. level correspond to asymptotic channels in which thg iso-
While the 200 energy level shifts upwards &y in- lated hydrogen atom is in a mixture osan_d 2 states, with
creases, other more highly excited state levels shift down2 Stark shift of=3F in a.u. The energies of these more
wards, as shown in Fig.() for R=10 a.u. Resonances in highly excited levels are therefore
the rate for ionization from the [gr state occur at those e _
values ofF 4. where a highly excited state level crosses the Efad R)~—0.125- FyR12= 3F g, (33
2po level. '_I'he_ im_portance of such resonances in enhancing1 a.u. The resonances occur Whéféi)dc(R)= E(ze) «R),
molecular ionization was discussed earlier by Seldemai e. where. in a.u : P
et al. [22], who carried out calculations for a model one- "~ ' U
dimensional molecular ion exposed to a strong ac field. The R~ (3/8F 40 = 3. (34)
crossing points vary with both 4, andR; if Fy;is held fixed
(but nonzer, crossing points always occur for some valuesAccording to this rather crude estimate, the two most promi-
of R. In Fig. 7(@), we show the level crossings for the samenent resonances occur at internuclear separationgijhde-
value of Fy, as was taken in Fig. 6. In Fig. 3, the solid crease a§ 4 increases andi) differ by 6 a.u. We can assess
squares and triangles, respectively, mark the internucledhe validity of Eq.(34) by perusal of Fig. 3 and Table I; not
separations at which the rate for ionization from thes2 surprisingly, our estimates of the resonance positions are
state exhibits its most prominent and next most prominenmore accurate at smaller field strengths, i.e., at laRy&ihe
resonances. On resonance, the electron can rapidly transfaost prominent of the two resonances is the one occurring at
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FIG. 8. The frequency profile of the total breakup rate fgi H FIG. 9. The frequency at which the profile of the breakup rate
for various dc-field strengths. has its maximum, for various dc-field strengths. The dashed line is
the energy splitting(),, of the dressed 9o and 2o electronic
the larger internuclear separation, i.e., close to F3/8  energies at the “equilibrium” separaticRy.
+3 a.u., since the outer hump of the lower well of the elec-
tronic potential, over which the electron must pass if it is to|n Fig. 8 we show the frequency profile bf .., for various
escape, becomes narrowerRigicreases, and the likelihood dc-field strengths. The small hump on the high-frequency
of the electron backscattering from this hump diminishes. side of this profile is due to electronic transitionsdctates
To obtain the dc quasienergc, of the molecular ion  that are more highly excited than the@ state.
we solved the eigenvalue problem As F. increases, the frequency profile shifts to lower
_ frequencies, at least unfily. reaches the strength, about 0.06
Had Pac)=Ead Poo), (39 a.u., at which over-the-barrier dissociation from tleervell
. I . becomes possible. This is clear from Fig. 9, where we show
whereH 4 is the Hamiltonian of the complete molecular ion . . '

. . ; the frequency at which the peak in the profile occurs versus
dressed by the dc field; we todk,. to be the right side of he shift in th i ies bel he threshold
Eq. (26) with F(t) replaced byF4. The eigenfunction Fac. The shift in the profile a6 4 varies below the thresho

: . . , de: for over-the-barrier dissociation can be understood from the
Dylé,n,R) is a linear combination of the products " . o
condition for the Bo—2po electronic transition to be on
Up(€)vq(r)Ws(R), where uy(£), vq(u), and wy(R) were
defined[23] by Egs.(27)—(29). The probability density for

the nuclei to be at the separati®is 0 Ty T
© 1 I 2po 7
(77/4)J dff dul(£4R)?=(Ru)?]| Pyl &1, R)[% 02l A0 i
0 -1 ) \
This is the density shown in Fig. 4 for thed state. The rate % I \/ _
at which the molecular ion breaks up due to a dc field is g 04l |
I'1sac= —2 ImEg 4c, Where the label 4 has been added as = -
a reminder that the initial state is the ground state. When &g ./ 1
. . o
moderately weak monochromatic ac fieldF,{t) sl |
=F_ cos@t)eis also included, the total rate for breakup by
one photon in the presence of the dc field is, treating the ac - ]
field as a perturbation, L L T
08 R, 4 6 8 R.. R 12
1ﬂls,tot: I‘1s,dc+ 1ﬂls:,acv (36) R (a.u.)
wherel' 4 5c is the contribution due to the ac field: FIG. 10. Schematic diagram showing resonant electronic exci-

tation from the ko state to the po state by a photon of frequency
Iigac= =2 IM(P g 4d V-_Gyd Eis dct @)V | Pis do)s QO in the presence of a dc field. Hef, is the “equilibrium”

(37 separation of the nuclei in the initiedressell1so state, RIS the
maximum separation to which the nuclei can dissociate after pho-
toexcitation, andR,sis the internuclear separation at which the rate
for ionization from the Po state exhibits its most prominent reso-

R nance. The width of the frequency profile, when determined from
V.=F,&r/2. (38)  the condition for resonant excitation, A5).

whereGy(E)=1/(E—Hy) and where, adopting the length
gauge,
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0.28

0.26

0.24

0.22

FWHM of profile {(a.u.)

0.2

0.18

0.16

|
0.04
Q (a.u)

FIG. 11. The full width at half maximum of the frequency pro-
file, for various dc-field strengths. The dashed line is the widéh,
(determined from the condition for resonant excitatieisee Fig.
10.

resonance. This condition—see Fig. 10—is tlfatQ,
where(), is the energy splitting of the dressedd.and 2o
electronic energies &, the “equilibrium” (i.e., most prob-
able separation of the nuclei. We shd in Fig. 9. While

PHYSICAL REVIEW A 63 053404

1.2

relative height

0.2

| | |
0.04 0.06 0.08

Fy (aU)

|
0.02 0.1

FIG. 12. The relative height of the frequency profile, for various
dc-field strengths. The dashed line is the relative height of the initial
probability distribution of the nuclei with respect to their separation
in the 1so potential well; this probability distribution has been
renormalized so that it is equal to the height of the frequency profile
whenFy.=0.

The height of the profile at first increases slightlyRag
increases, and then decreases rapidly. This is clear from Fig.
12. We believe that the initial slight increase in the profile’'s
height is due to the shift to lower frequencigscall Fig. 9,
which results in a larger oscillator strength for the electronic
1so-2po excitation. To explain the sharp falloff in the pro-
file's height whenF 4, increases beyond about 0.05 a.u., we
refer again to Fig. 12, where we show also the relative height
of the initial probability distribution of the nuclei in thestr
potential well. The height of this probability distribution de-
creases immediately &%, increasegdue to the broadening

Q, overestimates the frequency at which the profile has it®f the distribution and the effect is to reduce the oscillator

peak[24], the trend inQ), asF 4. increases is consistent with
the shift in the profile(below the threshold for over-the-
barrier dissociation

The width of the frequency profile remains almost con-
stant, decreasing slightly, &5, increases, untiF 4. reaches

about 0.05 a.u. This is clear from Fig. 11. The contribution to

the width of the profile from the dc width of thes& energy

level is negligible over the range of field strengths consid-

ered. Rather, the width of the profile is related, primarily, to
the width of the probability distribution of the nuclei. The
variation in(), that is allowed by the resonance condition is
shown asA Qg in Fig. 10. Just a$), overestimates the fre-
guency at which the profile has its peak, so da€k, over-
estimate the width of the profilg4], but the trend is again

consistent. However, the absence of broadening of the fre’

guency profile forF4.<0.05 a.u. is perhaps surprising since
it is evident from Fig. 4 that the probability distribution of
the nuclei does broaden significantly &g. increases. It
turns out, fortuitously, that the shift iRy is such thatAQ),

hardly changes. The broadening of the frequency profile for

F4c>0.05 a.u. is due primarily to the merging of the main

strength for photoexcitation. At first, the decrease in the
height of the probability distribution of the nuclei is gentle,
and is more than compensated for by the shift to lower fre-

30

20

ternuclear separation {a.u.}

n

10

0.03 0.04 0.05 0.06 0.07

Fgy (a.u.)

FIG. 13. The internuclear separatid®s, at which the rate for

part of the profile with the hump on the high-frequency side,ionization from the o state exhibits its most prominent reso-
reflecting the increasing importance of electronic transitionsiance. The dashed line is the maximum separaRgy,, to which

to o states that are more highly excited than thpr2state.

the nuclei can dissociate after photoexcitation.
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guencies, but a& 4. approaches the threshold for over-the- approach the field-induced barrier. In Fig. 13 we sHeyy,
barrier dissociation, the dispersion of the nuclei becomes send R, VS F4.. We see thaR,,, approaches, but remains
vere, and dominates &,~0.05 a.u. above,R¢ until F4. reaches about 0.06 a.u., at which point

We have ignored the rotation of the,Hion, and, to the  over-the-barrier dissociation from the initial state begins to
extent that this is legitimate, dissociation is impeded by theylay an important role.

field-induced barrier, which opposes the movement of the
nuclei beyond the turning poinR,ax say. In order for the
nuclei to separate beyoril,,,, it is necessary that the most
prominent resonance occur at an internuclear separajgn,
say, which is less thaiR,,. The closerR s is t0 Ryay, We thank Dr. Bernard Piraux for his helpful contributions
while remaining less thaR,,,,, the longer the time the reso- in the early stage of this project. This work was supported by
nance exerts its influence since the nuclei slow down as thethe NSF under Grant No. PHY-0070936.
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