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Time-dependent studies of single and multiple photoionization of K"
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A time-dependent method is used to study the photoionization of the simplest one-electron molgtule, H
We use the variational principle to solve the time-dependent Safger equation for K" in spherical coor-
dinates ¢, ) centered on the center of mass of the'Kystem in a time-varying electromagnetic field, in the
fixed-nuclei approximation. Bound and continuum states of Hre obtained by diagonalizing the two-
dimensional Hamiltonian for 5 on a uniform lattice. Two different algorithms for the time propagation of the
Schralinger equation are described, the first an explicit time propagator involving matrix multiplication and
the second an implicit time propagator involving matrix inversion. Single-photoionization cross sections for
H; are presented for the cases where the laser field is oriented both parallel and perpendicular to the internu-
clear axis. Excellent agreement is found between the present calculations and previous work. Two- and three-
photon ionization cross sections are also presented for the cases where the laser field is oriented both parallel
and perpendicular to the internuclear axis. Comparison with previous work is available only for the parallel
orientation case where good agreement is found with a previous time-independent calculation.
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. INTRODUCTION H,” have also been obtained by Dundeisal. [6] in the
fixed-nuclei approximation. Very recently time-dependent
The study of the simplest one-electron moleculg,H  model calculations of & in an ultrashort laser pulse have
has attracted much attention from both theory and experiheen made by Ver Steegt al. [7], who restricted the elec-
ment in recent years. The advent of increasingly powerfutronic motion to one dimension while allowing the nuclei to
laser sources has intensified the study of laser-matter intefnove along a second dimension. Similar reduced-
actions so that now femtosecofar even subfemtosecond  dimensionality calculations have also been made by Feuer-
pulses are almost routine. Molecular targets can be muchtein and Thumnjg], who studied fragmentation parameters
more interesting than their atomic counterparts due t0 thgs a function of the initial vibrational state of,H. Most
rich variety of physical processes which can be observedymerical calculations have used time-dependent techniques
only in molecules, for example, bond softeniigrdening, 5 properly account for thévery) short pulse length of the
above-threshold dissociation, vibrational excitation, Cou4ager field. However, multiphoton ionization rates have been
lomb explosions, and the competition between dissociatiopptained using time-independent complex-basis-function
and ionization. Earlier work in these areas has been eXterF'|0quet methods by Plummet a|[9] The work of Dundas
sively discussed and review¢tl]. Of course, these physical et al. [6] was in very good agreement with these results.
phenomena inevitably require a much more complex theoretfhese comparisons enhance the arguments of Ggudla
ical description of the processes involved. Although the onewho argued that a dual time-dependent and time-independent
electron H* system can be solved exactly in elliptical coor- approach is the best technique for solving the dynamics of
dinates[2], the full solution of a one-electron molecule atoms or molecules subjected to an intense laser field.
subjected to an intense electromagnetic field is still a formi- In this paper we present a set of time-dependent calcula-
dable task. tions for the single-photon and multiphoton ionization of
In recent years many theoretical groups have performe#i,” in an intense, linearly polarized, electromagnetic field.
numerical calculations of the dynamical processes undergonaere our focus is not on the field effects of molecules sub-
by H," in the presence of an intense electromagnetic field. ljected to ever more intense and short-pulse laser figlts
is common practice to make severe approximations to théhough our method can be used for such purposes rather
full dimensionality of the problem to make it computation- to explore the single-photon and multiphoton ionization rates
ally tractable. This can involve restricting the electron coor-and cross sections resulting from a light diatomic molecule
dinate to one dimension, or freezing the nuclear mottbe  exposed to an electromagnetic field. Single-photoionization
Born-Oppenheimer approximatipmiuring which the elec- cross sections for J in the fixed-nuclei approximation
trons move in the field of the “frozen” nuclei. For example, have been calculated by Bates angikJ 11] in the 1960s for
Bandrauk and co-workers have made many time-dependeghses where the field was oriented both parallel and perpen-
calculations on photoemission spectra from and the dissociaticular to the internuclear axis, and these results have since
tive ionization of H " (Refs.[3,4], and references withjnin been confirmed many timg42,13. Plummer and McCann
recent years they have focused osi'Hinder the influence of [13] also presented two- and three-photon ionization gener-
ultrashort(attoseconypulseq 5] and the effect on high-order alized cross sections from,H in their study of hydrogen
harmonic generation. Recent three-dimensional numericaystems, for the case where the laser field was oriented par-
solutions of the time-dependent ScHimger equation for allel to the internuclear axis. Our calculations address the full
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dimensionality of the electronic coordinate while keeping the 7
nuclear motion fixed. The system is defined in spherical co- vV (r,0)=— !
. nucleak ! »
ordinates centered on the center of mass of the molecule. R?
Although the one-electron H system is completely sepa- r2+ I—rR cosé

rable in prolate spheroid#@br confocal elliptical coordinate

systems, we choose not to take advantage of this since we 7
2

plan to extend our technique to multielectron problems, _ 4)
which are not separable in elliptical coordinates. Our aim is R2 '
to extend this method to the treatment of double photoion- r2+ — +rRcosé

4

ization of two electrons from a molecular target, i.e., the
two-center, three-body Coulomb problem, by increasing th
dimensions of the problem to account for two ejected elec:
trons. The many experimental measurements of differentid
cross sections for double photoionization of By several Viasef T, 0,1) =E(1)f(r,0)cog wt), (5)
groups[14-17 have not been matched by theoretical calcu-

lations for these processes. We hope that this imbalance cavhereE(t) is the electric-field amplitude(r, ) defines the
be addressed in the coming years. This is unlike the situatioarientation of the field with respect to the internuclear axis,
for the double photoionization of two-electron atoms, whereand w is the laser frequency. The centrifugal term is

in recent years theory and experiment have reached high lev-
els of agreement for most dynamical situations involving the
double photoionization of heliurfil8-20Q.

The structure of this paper is as follows. In the following
section we show how the variational principle is used to
construct the Hamiltonian for {4 on a two-dimensional uni-
form lattice. This Hamiltonian is then diagonalized to obtain

. and Z, are the nuclear atomic numbers, aRdis the
pternuclear separation. The time-varying laser term is

2
Vcentrifuga(r ,0)= m . (6)

If we represent the derivatives and integrals in Eq.with
low-order finite differences, discretizing space on a uniform
mesh yields

a full set of bound states of H . The time-dependent Schro aw(™(t)

dinger equation for K" is then solved and a discussion of ié—Jt=(KW)i(T)(t)+Vi,j(t)Wi(,T)(t)

two different time propagators used in the solution of the

Schralinger equation is given. We then present a selection of +E(t)r; cog 6;)cog wt)wi(f}‘)(t), (7)

ionization cross sections obtained foy,Hfor a variety of
laser frequencies and internuclear separations of fieioh.
We conclude by discussing future directions for this work. (Kw) (™ (t)
Unless otherwise stated atomic units are used throughout this b

where the kinetic-energy operator is given by

paper. - 3( e (1) + - awi Ty (1) —avi‘f}“’u))
2 2
Il. THEORY ar
Making use of the kinetic-energy functional _i(djwi(,r}qu(t)—i_djlWi(T)l(t)_djWi(T)(t))
1rdr|Vy(r,t)|%, a numerical representation of the time- 2rf A6? ’
dependent Schdinger equation for a single electron in the )

field of two nuclei is derived from the variational form

) the coefficients are given by

5F2dr'0d0'*au 1lou[? 1 |éu ,
sur Jo A, s WSt T 20r| T 21200 _Mivae
boririeg
g —
a Vu) 0. @ — (rhtria
Ci=—— r2 y
where the total wave function is given by '
S ym e’ dj=—3in0j“/2 :
r,o,¢,t)=2, ul™(r,o,t) —. 2 \sin g;sin 0
lﬂ( ¢ ) = ( )\/ﬂ () j j+1
) . . — (Sin 0]+1/2+Sin0j_1/2)
The total potential energy is given by = sind, : 9
V(r,0,t) = Viycear Viaser™ V centrifugals 3) and finally
where the static nuclear term is wD(t)=rsinguT(t). (10
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TheV; ;(t) terms in Eq.(7) are diagonal on the grid and are an explicit “leap-frog” time propagatof21]. The time evo-
made up of the nuclear and centrifugal terms as definetition of the partial differential equatioii7) may be ex-
above. This equation describes the case where the field gessed as
oriented parallel to the internuclear axis, i.€(r,6) .
=r cos6, so that states which start with an initial symmetry w(t+At)=w(t—At)—2iAtHwW(1), (12)
m will remain with the same symmetry. S . : S

We also wish to examine single-photon and muItiphotonWh'Ch involves only one Hamiltonian matrix multiplication
ionization rates for the case where the laser field is oriente§S" IMe Step. . . .

This time propagator is easily implemented on massively

perpendicular to the intermnuclear axis. Although in Strongparallel computers and norm conservation is exact if the time
laser fields light molecules, such ag'H will quickly align step is adjusted to be less than 1 divided by the eigenvalue

paral_lel to the laser f_|eld direction, It Is instructive to _also with the largest absolute value of the discrete Hamiltonian
consider the perpendicular case, which may become impor-

tant for molecules subjected to weaker fields. For the Casoperator. This method has proved very suitable for use in

where the laser field is perpendicular to the internuclear axi revious time-dependent calculations of electron-impact ion-
F(r.0)=r sin@ cos¢, the equations now take the form ization and photoionization of atomsee Ref.[22] for a

review). This propagator seems particularly suited to spheri-
cally symmetric problems, such as electron and photon col-
awi(T)( ) lisions with atoms, _ due to _the relatively low angu_la_\r-
i——— = (Kw){P(t) +V; ;()w{ (1) momentum expansion required to converge collision
Jt calculations. This allows a moderately sized time spacing so
that a reasonable total number of time steps is used to fully

1
+ EE(t)ri sin( ej)cos{wt)[wi(f}‘“)(t) converge the calculations. On the other hand, when we time
propagate Eq(7), it was found that a very small time spac-
+Wi(r}"1)(t)], (12) ing must be employed to conserve the norm and accurately

propagate the time-dependent equation, mainly due to the
inclusion of high angular-momentum states inherent in a dis-
so that the initialm state is now coupled to states with  cretization in the¢ direction.
+1. Due to this problem, other time propagators were tested.

A Comp]ete set of bound and continuum states fgﬁ H One which W.aS found to t_)e particul_arly_s_uitf':lble to this Sys-
may be obtained by diagonalizing the Hamiltonian defined ifém was the implementation of an implicit time propagator.
Egs. (7) and (11), with no laser term. In most of the calcu- This method is based on the algorithm of Koofi28] using
lations presented here, a distance of 40 a.u. in the rédial @ nested ordering of theand ¢ terms in Eq.(7). Briefly, the
direction was used, with a mesh spacihg=0.1 a.u. Thep ~ Hamiltonian defined in Eq(7) or Eq. (11) is split into itsr
coordinate ranged from O te, and on average around 50 andé components in the form
points were chosen with a mesh spacihg=0.02r. We n 1 n _1
note that our mesh was chosen such that the positions of thgv, (t+At)=e 1AWV /(t)Z( 1+ I—K ) ( + I—K )
two nuclei fell between two successive grid points in order to ' 2 2 Y
avoid a singularity on the grid. As shown in the coefficients At At
defined in Eq.(8) a half-spacing is adopted in both coordi- x| 1- —K )(1_ K )
nate directions so that our representation obeys the boundary 2 7 2 '
conditions. —IAtV; (D)2,

The center of mass of the,H molecule is chosen as the e W, 3
zero in our coordinate system. In Fig. 1 we show the fourwhereKr is given by the first term ané, by the second
lowest-energy states ¢4, 20y, 204, and 3r,) of H,"  term on the right-hand side of E¢B). V, () is composed of
obtained from our diagonalization on the, ) grid at the  the nuclear, laser, and centrifugal terms defined in E)s:
equilibrium internuclear separation 8=2 a.u., form=0.  (g). This solution has been implemented on a massively par-
These figures show only the region outrte- 20 a.u. even  gallel computer, but the matrix inversion steps are much
thOUgh in our calculations the full mesh out to 40 a.u. WwaSs|ower than the matrix mu|tip|icati0n Steps_
used. The energies of these states are in excellent agreementon a massively parallel computer, for the same time step
with the exact values given by Batetal.[2], to much better At the explicit propagator of Eq12) is much faster than
than 1%. The &y ground statgFig. 1(@)] is used as the the implicit propagator of Eq(13). However, much larger
initial state in our time propagation of the Sctioger equa-  time steps may be employed using the implicit propagator, as
tion (7). opposed to using the explicit propagator. For the molecular
problem on a discretized mesh in batand 4, we found that
the larger time steps offset the slower parallel algorithm and
that the implicit propagator is faster and more efficient than

Following previous time-dependent calculations ofthe explicit propagator. All the calculations presented in the
electron-impact ionization and photoionization, the time-paper were made using the implicit propagator. We make two
dependent Schdinger equatior{7) can be propagated using cautionary notes. First, for other numerical problems on mas-

Time propagation of the Schralinger equation
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FIG. 1. Four lowesir wave functions of the K" molecule obtained by diagonalization of the Hamiltoniéa): 1so state,(b) 2pa,
state,(c) 2so state, andd) 3po, state. In this case the radial coordinatextends to 20 a.u with a mesh spacing of 0.1 a.u. Twenty-five
points with a mesh spacing of 0.84vere used in th& coordinate.

sively parallel machines, one may find the explicit propaga- After time propagation the time-dependent wave function
tor to be faster and more efficient than the implicit propagawas projected onto the complete set of bound states,o6f H
tor. Second, whereas the explicit propagator failsobtained from the diagonalization of the Hamiltonian. The
dramatically when the time step is too large, the error in therobability for ionization is then given by

implicit propagator grows slowly with increasing time step
and must be carefully monitored for accurate results.

The Schrdinger equation(7) was time propagated for
between 15 and 20 field periods. Several pulse shapes were
examined; in order to better define a cross section, a pulse
shape was chosen that turned on and off over one period, ampere ¢'m_(r'_0) are the bou_nd _states _Of oM. The
was constant for between 10 and 15 periods. The wave fundN-Photon ionization cross section is then given by
tion was then propagated for several more periods before p

w
"”_( | ) T

79:1—% fer dé|y(r,0.t) | dim(r,0)|?, (14

interrogation. Most of our calculations were made at field

intensities of between #®and 16* Wcem™ 2. (19
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incident-photon energy, for the case where the laser field i<
oriented parallel to the internuclear axis. Our results arex 1.57
shown in Fig. 2. Here we have the essentially “exact” results

of Bates and @ik [11] to compare with. We also compare

with the Floquet results of Plummer and McCdri3]. The
time-dependent results, given by the circles, are in excellen  0.79 |
agreement with the results of Bates angilOas well as the
Floquet results. Our results are only very weakly dependen
on intensity, with a difference of at most 5% at the highest

[
@ )
frequencies considered. We also checked that our results di  0.00

not depend strongly on the length of pulse chosen, or the 0.00 10.00 20.00 30.00 40.00

way in which the pulse was turned on or off. Calculations in r
which the pulse was turned on and off over six laser cycles FiG. 3. Time-dependent wave function for, H, (a) before and
and kept at a constant value for eight total cycles were inp) after photoionization with a 45 eV incident photon, for the case
very good agreement with the results presented here, witiyhere the field is oriented parallel to the internuclear axis. All dis-
only a slight difference in cross section near the peak. tance and time quantities are in atomic units.

The time evolution of the initial wave function is shown
in Fig. 3 for photoionization with a 45 eV photon. At the  In Fig. 4 we show our results for single photoionization of
initial time t=0.0 the wave function starts in ther§ ground H," for the case where the laser field is oriented perpendicu-
state. After propagation of the time-dependent Sdimger lar to the internuclear axis. Although in strong fields light
equation, and after the wave function has “settled down,” atmolecules such as 1 will align quickly with the orienta-
t=57.0 a.u., it is clear that most of the wave function hastion of the field, in weaker fields, where we also wish to
remained in the &, ground state. However, there is clearly apply our method, photoionization from this path may be-
some continuunwr, character to the wave function at larger come important. The total photoionization cross section, cal-
radial distances, which is a signal of photoionization intoculated by averaging over all orientations, is also dominated
€g, continuum states. The characteristic node of,avave by this path, which in this case will involve a transition to the
function, around=/2, demonstrated in Fig.(l), is clearly 7, state of H*. Again we are able to compare with the
evident in the wave-function region in Fig(t8 at large ra- results of Bates and @k [11] for this perpendicular case. It
dial distances. is clear that the time-dependent results, shown by the circles,

0.50 : . (a) t=0.0
Bates & Opik
[ — == Plummer & McCann 3.14 T ' T d
040 ¢1D . |
g 2.36 I
2 030 .
g
\; 4
r}é 020 |- i 157 7
o
o)
0.10 - . i
0.79 N
0.00 ' '
0 100 200 300 .
Photon Energy (eV)
FIG. 2. Single-photoionization cross sections fof'Has a func- 0.00 ' . : : ‘
tion of photon energy for the case where the laser field is oriented 0.00 10.00 20.00 30.00 40.00
parallel to the internuclear axis. The time-dependent regtilises r
are compared with those of Bates anpil)[11] (solid line) as well
as the results of Plummer and McCai8] (long-dashed ling
where7 is the integral of the laser-pulse shape with respect (b) t=57.0
to time. The units of these cross sections are thefl e *. 314 g . ' ‘ ARTAIATA
lll. RESULTS ‘ @ @ Q 0 @ ol O
b
A. Single photoionization "
2.3
As a check on our method, we first calculated the single- U O O (\
photoionization cross section of ,H as a function of 0
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FIG. 4. Single-photoionization cross sections fgf'Has a func- 0.00 *
tion of photon energy for the case where the laser field is oriented 0.00 10.00 20.00 30.00 40.00

perpendicular to the internuclear axis. The time-dependent result:
(circles are compared with those of Bates angilO[11] (solid
line).

are again in excellent agreement with the effectively exact
calculations of Bates andpik. We note that the photoion- 3.14
ization cross section in this case is around an order of mag
nitude larger than the previous parallel orientation case, anc
so will become important in photoionization by less intense
electromagnetic fields that do not quickly align the mol- 2.36
ecules.

Figure 5 shows the final wave function in tia 1o
ground state antb) e, continuum state after photoioniza-
tion with a 40-eV photon. We note that the wave function © 1.57
plot shown in Fig. %) is renormalized. The magnitude of
the contours in Fig. ) are much less than those in Figab
reflecting the fact that most of the wave function has re-
mained in the initial by state. 0.79

B. Two-photon ionization

We now turn to calculations of multiphoton ionization
cross sections for Jf . Here we can also compare with the
Floguet calculations of Plummer and McCaptB]. They
examined two-photon cross sections for various values of the r
internuclear separations at field intensities ranging from FIG. 5. Time-dependent wave function fop Hafter photoion-
1.76x 10" to 1.76x 10 Wem 2, for the case where the ization with a 40 eV incident photon, for the case where the field is
laser field is oriented parallel to the internuclear axis. In gen®'iénted perpendicular to the internuclear axis. The wave function
eral, their results showed ionization cross sections dominatelgitially starts in a oy state[shown in Fig. a)]. In this figure(a)
by resonances caused by one-photon transitions between tRE?WS the $‘;9 Sr:ate a;ter time p“’pﬁg"’;‘“.‘"?.olfl the Sattrgger
ground lo state and successivg, states which converge to 2ﬁu;2?;nggd u)asntict)i\g: ;r?;“;gaﬁ(‘:vzn'ifs initially starts at zero.
the single-ionization threshold around 30 €1.1026 a.u. q '

Our time-dependent calculations do not map these reso-

nances since the time scale of our calculations are very mudiprium separation oR=2 and(b) R=6 a.u., for the case
shorter than the time associated with the resonance widthghere the laser field is oriented parallel to the internuclear
However, it is still instructive to compare calculations sinceaxis. We compare the Floquet results calculated at
the time-dependent results should give a reasonable estimate76x 10™ [13] with time-dependent calculations made at
of the direct two-photon background ionization cross sectionintensities of 1.76 10" and 1.76<10*Wcm 2. Our re-

In Fig. 6 we present the two-photon ionization cross secsults are presented as “generalized” cross sections, with
tion for H,* for two internuclear separation&) the equi-  units of cnf W%, for closer comparison with the Floquet

0.00 10.00 20.00 30.00 40.00
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TABLE |. Two-photon ionization cross sections in ¢sifor R
=2.0 a.u. for cases where the laser field is oriented both parallel
and perpendicular to the internuclear axis. The cross sections, in
units of cnfs, are shown for two laser intensities, given in
W cm™2. The numbers in brackets following the cross section show
the power of ten by which the cross section is multiplied.

Parallel Perpendicular
o (eV) 1.76x10% 1.76x10%  1.76x10%®  1.76x10“

16.3 2.0[-51] 1.9[-51] 4.1[-51] 2.9[-51]
20.0 1.2[-51] 9.5[-52] 1.8[-51] 1.0[—51]
24.5 45[-52] 3.4[-52] 22[-51] 3.8[-52]
27.2 3.9-52] 1.8[-52] 7.0[-51] 7.5[—52]

Generalized Cross Section (10 cm” W™")

=D 10" that our results for the perpendicular orientation case appear
e 1 1 L 1 1 L 1 el . B . .
10 10 ™ 19 3 ” Ts P 17 to be more sensitive to intensity than the parallel orientation
Photon Energy (eV) case.
FIG. 6. Two-photon ionization cross sections foyHas a func-
tion of photon energy for the case where the laser field is oriented C. Three-photon ionization

parallel to the internuclear axis, for two values of the internuclear . i S
separation(a) R=2.0 a.u andb) R=6.0 a.u. The time-dependent We now turn to comparisons of our three-photon ioniza

results at two intensities of 1.%6L0'° (circles and 1.76<10% tion cross sections with thos%lgf P'”m_”;‘er and MCCM
(squares Wcm™2 are compared with those of Plummer and made. at an intensity of 1'.%1 Wem-=. For the eqU|I_|b-
McCann[13] (solid line). rium internuclear separation &=2 a.u., t'hree—p'hoton ion-
ization can occur above 10 eV and dominates in the photon
results. These are different from our usual units defined bnergy range from 10 to around 15 eV, before the two-photon
Eq. (15), of cnf's for two-photon ionization. For thB=6 |on|zat|qn threshold. For the case where thg mtgrnuclear
case the ionization threshold is of course lower than thageparation isR=6 a.u. the three-photon region is from
from the equilibrium separation; our diagonalization resultsaround 6.2 eV to around 9 eV. _
in a threshold of 18.55 eV, which is again in very good In Fig. 7(a) our t|m.e-dep.e_ndent results are shown, again
agreement with the value given by Batesal. [2]. This for two field intensites of 1.7810" and
means that the threshold for two-photon ionization is lowerl-76X 10" Wem™2, in generalized cross section units of
for the R=6 case than for th&=2 case. We focus here on ¢m° W2, to facilitate comparison. The Floquet resufslid
the regions between the two-photon and one-photon thresfine) includes a broad resonance around 12 eV associated
old where two-photon ionization dominates. with a one-photon transition between the ground state and
In general, the two-photon ionization cross sections are ithe lowesto, state. The subsequent resonances in Ha. 7
very good agreement with the Floquet results for both interare associated with two-photon transitions to exciteg
nuclear separations. As already discussed, the timeStates. The very broad width of the first resonance in Fig.
dependent calculations do not map out the resonances showif® distorts the comparisons with the time-dependent re-
in the Floquet work, but are in good agreement with thesults. However the trend in the backgroufuirect three-
background(direct ionization cross section. We note that, Photon ionization cross section appears in good agreement
especially for the case wheR=6 a.u., some intensity de- with the time-dependent results. We note also that the time-
pendence of our ionization cross sections is seen, with théependent cross sections calculated at .76 W cm™?
higher intensity calculations at 1.%8.0'* Wcm™2? some-
what lower than the 1.7610% W cm™ 2 calculations at cer- TABLE Il. Two-photon ionization cross sections in & for
tain photon energies. We comment that at the lowest intensR=6.0 a.u. f(_)r cases where the laser fielq is oriented both parallgl
ties used in the Floguet calculations (lelwcm—Z) anq perpendicular to the internuclear axis. The crgss sgctlons, in
our time-dependent calculations can become numerically ur"'ts of cnf's, are shown for two laser intensities, given in
stable due to the very low probabilities for ionization. Wem-*. The numbers in brackets following the cross section show
In Table | we present the two-photon ionization cross secEhe power of ten by which the cross section is multiplied.
tions for H," for cases where the laser field is oriented both
parallel and perpendicular to the internuclear axis, for the eV)
case where the internuclear separatioRis2 a.u. Table Il

Parallel Perpendicular
1.76x108% 1.76x10"  1.76x10°  1.76x10%

shows similar results for the case wh&e 6 a.u. We tabu- 9.5 4.0[-51] 2.1[-51] 8.4[—51] 1.6[—51]
late our results in two-photon cross section units of srto 10.9 3.9[—-51] 3.4[—-51] 3.0[—50] 3.5[—51]
be consistent with our previous time-dependent calculations.3.6 53[—-51] 25[-51] 9.3[-51] 6.3[-52]
As in Fig. 6 we show cross sections at two laser intensities15.5 48[—-51] 9.3[-52] 29[-51] 5.1[-52]

1.76x 10" and 1.76< 10" Wem™ 2. It is interesting to note
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Our single-photon ionization cross sections are in excel-
lent agreement with exact calculations of Bates amikO
[11] for the cases where the field is oriented both parallel and
perpendicular to the internuclear axis. For the parallel case,

St (a) R=2

T | ] our results are also in excellent agreement with results made
e = using Floquet techniques made by Plummer and McCann
10 [13].

&

S

We have also compared results for two- and three-photon
ionization with the Floquet results. In general, the agreement
between the multiphoton ionization cross sections calculated
by the Floquet method and by our time-dependent method is
. good. Comparisons are hard to make with time-independent
calculations such as the Floquet technique, due to the rich

resonant structure observed from intermediate one- or two-
Plummer & McCann . . . .
1D 10” photon transitions. As discussed earlier, the short time scales
10° , . wtD10% ; ; of the current time-dependent calculations do not allow suf-

60 65 L0 /.3 50 63 ficient times for these resonances to develop in the current

Photon Energy (eV) . . .
calculations. Time-dependent calculations have however,

N . +
FIG. 7. Three-photon onization cross sections fof HBS @ hoen made which explicitly “map out” the formation of re
function of photon energy for the case where the laser field is ori-

ented parallel to the internuclear axis, for two values of the inter-sf)nances.zéq for the Case of .an autoionizing state for_me.d.by
nuclear separatioria) R=2.0 a.u and(b) R=6.0 a.u. The time- dielectronic capture in helium apd _also for autoionizing
dependent results at two intensities of 7B (circley and ~ States formed by above-threshold-ionizati@s)]. To date, no
1.76x 10" (squaresW cm™2 are compared with those of Plummer time-dependent calculations have been made which map out
and McCanr{13] (solid line). bound-state resonant structures igf’Hsuch as detailed ear-
lier. Our time-dependent method could, in principle, be ex-
are consistently larger than the higher intensity calculationsi€nded to map out the resonances in the current problem, but
This difference between the time-dependent calculations dfis would be a large calculation in its own right. Here we
different intensities is not seen in the calculations Rr concentrate only on the direntphoton ionization. However,
=6 a.u., except at one-photon energy. We comment that, fdhese fixed-nuclei time-dependent calculations are an impor-
these three-photon cross sections, the generalized ionizatiéant first step before inclusion of the nuclear motion into the
cross section appears to show more intensity dependencgglution.
which is a sign that we are leaving the perturbative regime. In future work, we aim to go beyond the Born-
For higher-photon transitions the definition of a cross sectiofdppenheimer approximation by including the nuclear motion
may become untenable since the cross section can depeitdo the problem rather than mapping our resonances in the
more strongly on the pulse shape and intensity. current problem, since any resonant structure will be modi-
For the R=6 a.u. case, the time-dependent results ardied and possibly ‘washed away’ by the vibrational motion of
generally in good agreement with the Floquet results. At thighe H, molecule, especially for the larger internuclear sepa-
internuclear separation all the resonances in the Floquet calation calculations. This will allow a whole class of phenom-
culations arise from two-photon transitions, which have aena to be studied such as vibrational excitation and the Cou-
much smaller width than the large resonance associated wilbmb explosion. Our main aim is the time-dependent
the one-photon transition in the=2 a.u. results. This al- description of single and double photoionization of the two-
lows a more straightforward comparison of the time-electron H molecule, work which we hope will address the
dependent calculations with the background or direct threeimbalance between theory and experiment which exists for

IS
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=1

11 12 13 14

—_
=1

b

_
=

~
=
I}
)

Generalized Cross Section ( 10 ¢
—_
5

photon ionization cross section. two-electron ejection from molecular targets. This extension
of our method will require significant computational re-
IV. SUMMARY sources to describe the coupled motion of two electrons by

) ) ~ two coordinates for each electron. Work on this is in
In this paper we have set out a time-dependent techniqugogress.

to study the single-photon and multiphoton ionization of the
one-electron K" molecule. We have chosen here to focus on
one-, two-, and three-photon ionization cross sections, unlike
previous time-dependent calculations which routinely exam-
ine many-photon transitions. For larger multiphoton ioniza- This work was supported in part by the National Science
tion processes a cross section can be much harder to defifégundation, a DOE gran{Grant No. DE-FG05-99ER5438
and generally ionization rates, rather than cross sections, aemd a DOE SciDAC grant(Grant No. DE-FGO02-
presented for these cases. We limit ourselves here to lowWd1ER54G44to Auburn University. Computational work was
photon transitions in order to more easily define an ionizaperformed at the National Energy Research Scientific Com-
tion cross section. puting CenteNERSQ at Oakland, CA.
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