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Charge-resonance-enhanced ionization of molecular ions in intense laser pulses:
Geometric and orientation effects
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Numerical solutions of the time-dependent Schinger equation for one-electron two-dimensiong™H
H,?* molecular ions have been obtained in order to illustrate the dependence of charge-resonance-enhanced
ionization (CREI) on the angular orientation of the molecule. FofHboth linear and triangular geometries
have been considered. It is found, in general, that orientational effects on ionization rates, laser-induced dipole
moments and torques, are most significant at the critical distaRgemd critical anglesp. of molecular
geometry where CREI occurs. The calculated ionization rates and field-induced torques are used to estimate
alignment times near the dissociative ionization regime of these ions in intense laser pulses. It is found that
orientational trapping can occur in this regime at the critical CREI configurai@i€50-2947{@9)06303-9

PACS numbd(s): 42.50.Hz

[. INTRODUCTION which enhanced ionization occurs. Numerical simulations
with fixed nuclei[3-6,17 and full dynamical non Born-
The behavior and properties of atoms and molecules ifppenheimer calculatiofd8,19, and experiment,9,14

intense laser fields is an area of research exploring the nogonfirm the model of over-barrier ionization of the molecular
linear, nonperturbative response of these systems in the preglectrons via the CREI mechanism in the presence of intense
ence of intense short laser pulses. In the case of atoms, col@ser pulses. Recent work on ionization of large polyatomic
siderable progress and understanding of phenomena such B@glecules by intense laser pulses further suggests that a
above threshold ionization, high-frequency stabilization, andtatic field ionization mechanism is also operafi28,21.
high-order harmonic generation has been recently summa- |N€ present work examines the orientation dependence of
rized by Gavrila[1]. Similar nonlinear, nonperturbative ef- the lonization rates In quantum-mechamcal two-dimensional
fects have now been found in molecul@, where an extra (2D) numerical solutions of the TDSE for fixed nuclear con-

: ) T : .
degree of freedom, the internuclear motion, leads to Somgguranons of H' and both linear and triangularsff. The

: o . - éxact numerical solutions of the electronic wave function for
effects such as above threshold dissociation vibrational tra

ing due to laser-induced avoided crossings, and most Hixed nuclei and angle allow also for calculating the time-
hing ou indu vol NG, ar dependent torques experienced by each molecular ion. The
recently charge-resonance-enhanced ionizati0GREI)

3 he | lecular ion ionizati numerical results are used to estimate the alignment times of
[3-5]. In the latter molecular ion ionization rates are eN-p + and H2* in the dissociative-ionization regime of these

hanced by one or two orders of magnitude at critical inter-y,jecules in the presence of a laser of wavelength 1064 nm
nuclear distance®. with respect to the fragments of the 5round intensities= 101 W/cne.

corresponding molecule. Calculatioh3—6] and measure-

ments of CREI on linear molecul¢g—9] have usually as-

sumed that the molecular ion is aligned with the field. Recent Il. NUMERICAL METHOD FOR THE TDSE

Coulomb explosion experiments show considerable spread

of angular distribution of the fragmenfg,10-13, thus rais- . 1h€ +one-e|ec;t+ro_n TDSE for both one-electron molecular

ing the question of alignment or orientation time in dissocia1o"S F»"~ and K" is solved in a two-dimensionak,, 2D

tive ionization experiments as compared to recent nondissgn°d€! using Coulomb-modified potentials, used especially in

ciative, nonionization estimaté&3,14. plasmz_i ph_y5|cs in order to avoid smgularltles_ in (_:Ia55|cal
In the present work we present exact numerical solution§Umerical integration schem¢22,23. The laser field is as-

of the time-dependent Schiimger equation(TDSE), for sumed polarized along the axis so that thez axis corre-

two-dimensional models of two one-electron molecular ionsSPONdS t00= /2. The general one-electron TDSE for a lin-

H," and H2". In both cases, CREI has been found preVi_early polarized laser fie|E.(t)=E0(t.)COSw.t, of frequ'encyfu
ously to occur at critical internuclear distancBs= 4/l and pulse envelopg,(t) with peak intensityE, is written in
=8 a.u.[4] for H," and R,=5/2 ;=5 a.u. for linear H atomic units =fi=me=1) as

[6]. Both critical distances have been analytically derived

from a laser-induced static barrier suppression model for mo- I(x,2,R, 0,t)
lecular ionization originally suggested by Codliagal.[15]. i S
We have shown in[3-6] that inclusion of the charge- Jt
resonance coupling of the doorway statesq and 1o, or- X 4(x,Z,R,0,1), (1)
bitals for H,*, 20y, 10y, and 1oy for H?*, as discussed

earlier by Mulliken[16] for molecular absorption spectros-

copy, is essential to reproduce the critical distanRgsat  where

=[—3VZ ,+Ve+ Vy+XE(t) +ZE(1)]
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N
VC:_Zl [(x2+Z%)+c]~ Y2 2

is the softened Coulomb potentiat€0 corresponds to the
pure Coulomb potentialN=2 for H," and 3 for H?*, and
Xi, z; are the electron coordinates with respect to ittie
nucleus.Vy is the total nuclear repulsion and the last two

terms represent the two components of the field-electron in

teraction &:0=0; z: 0= w/2). With c#0 in the regularized

Coulombs potential, one can solve the total TDSE equatior

(1) and thus obtain the electronic wave function
¥(x,z,R;,0,t) for different nuclear configurationB, 6 at

various timest. Absorbing boundaries are used to remove

electron flux from the finite-size 2D grid iR and z thus
allowing for calculation of the ionization rates from the norm
of the function(we drop the nuclear and field coordinates for
conveniencg

N/2
N = [ pxznPxdz 33 1.0 0% sm?,
i,j=—N/2
@

where Am is the distance between grid points aNdthe
number of grid points in each dimension.

The ionization ratel’ is obtained from the logarithmic
decrease of the norm, M(t)=—TI't. Time-dependent observ-
ables such as the dipole componeégtare calculated from
the discretized function as

dy(D) = (¢ (x,2,0) [x|¢(x,2,1))
+N/2

=E”E #* (0,1, %], 1) (Am)2, (4)

The minimum grid-point separation for accurate calcula-

tions is determined by the uncertainty principlxAp=1.
Thus, since electrons are expected to acquire energies up
20 Up, in molecule$24] where Up=E3/40? is the pondero-
motive energy, we set the maximum\p=(2E)?

= (40 Up)*? which determines the minimux. Similarly
the minimumaAt is set belows/(3AE)= /(60 Up) in the

time integration when one uses fast Fourier transform meth-

ods for the kinetic energy25]. Due to the avoidance of
singularities with the regularized Coulomb potential, we
use a split-operator method of accuracv)®. The numeri-
cal accuracy is verified by using at different time intervals
higher-order accuracy schemigs]. In the present calcula-
tion at intensities |o=CcEY87=8x10" W/cn?
(4.8<10°2 a.u) and A\=1064 nm @=>5.3x10"2 a.u.),
then Up=0.39 a.u=11eV. We have used therefor&x
=0.25a.u.,At=0.03 a.u. with a pulse length of 30 cycles
which is ramped to the maximuig, in 5 cycles.

The c value for the regularized Coulomb potentid®
was set at=0.5. In the present 2D calculations, we found
this value ofc to give ionization potentials, closest to our
previous exact 3D calculation for[3,4] and HZ2" [6]. In
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FIG. 1. Electron potential energy(x)=Vc+Eyx (solid line)
for H," in a static fieldEy=4.8X10"2 a.u. ( =8x% 10" W/cn?)
parallel to the x (moleculaj axis at internuclear distanc®
=10 a.u. as compared to zero fidlibtted ling.

R.=7 and 10 a.u. has now been confirmed experimentally
[9]. At the latter critical distance, 10 a.u. fo,H we find for
the 2D modell ,=0.636 a.u. as compared to 0.6 a.u. in the
exact 3D case. The corresponding ionization rates are 2
X 10%s™1 (2D) vs 0.8<103s 1 (3D).

Since we shall interpret the ionization results in terms of
static field plus Coulomb potential barriefs.g.,[4-6,17),
we plot in Figs. 1 and 2 the net electrostatic potentials, which
influence the electronic motion inf (Fig. 1) for laser field
parallel to the internucleart axis (#=0) and for equilateral
Hy2" (Fig. 2) for the laser field parallel to the axis (@
=/2). We show both zero field potentials (dotted and
the field-induced potentialsEy+V,. (solid at Ey=4.8
X 10 2a.u. (,=8x10"W/cn?) with c=0.5 in Figs. 1 and
2. Thus in the case of H, the symmetric double well at

to

04

Energy (a.u.)

-14
10
z(an.)

FIG. 2. Electron potential energy(z)=Vc+Eyz (solid line)

particular, only withc=0.5 can one reproduce the double for an equilateral K* ($=60°) in a static field E,=
peak structure of the ionization ratE) as a function of the 4.8x1072 a.u. ( =8x 102 W/cnm?) parallel to thez axis (perpen-

internuclear distanc® first calculated for H" [3,4]. This

dicular to any bong at interproton distanc®=6.5a.u. as com-

double peak structure with maxima at the critical distancepared to zero fielddotted ling.
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FIG. 3. lonization rated” (10%s™) in a A=1064 nm, | = 09 ' ' ' ' 'b)
8% 10" Wicn? laser field for equilateral }* as a function of in- 0s [ .
terproton distanceR (a.u): (a) equilateral forx polarization; (b) -~ o1k E 4
equilateral forz polarization;(c) linear parallel tox polarization. @ os b z |
o O
Eo,=0 is distorted in the direction of the laser fiel) al- 3 03T ’
lowing for escape of the electron at the peak vatigeof the g 04r T
field through charge resonance effets-6]. In the case of g sl .
triangular H?", the static-field-induced ionization path, Fig. £ 02 - ]
2(b), is modified from the pure atomic cagene well atz ‘
<0) by an extra minimum due to the presence of the other ' [ | . . . i
two nuclei. ° 80 100 120 140 160 180

Internal angle (@ (degrees)

2+
lll. CREIIN NONLINEAR H 5 FIG. 4. lonization rate§ (10%s™1) as a function of an internal

In the preceding section, we described the numericabond angle¢ for H?" in \=1064 nm, | =8x 10" W/cn? laser
methods for obtaining accurate ionization rates, which adeld; (a) x polarization ¢=0); (b) z polarization ¢=7/2).
shown in Figs. 3 and 4 manifest maxima at critical distances
Rcand angle®. due to CREI. These large ionization rates in sponds ta@-axis polarization, i.e., perpendicular to one of the
molecular ions exceed that of the dissociation fragments bonds.(c) is the corresponding ionization rate curve for the
one or two orders of magnitude in the presence of shorfield parallel to a linear E*. One notes that the triangular
intense laser pulses, and were first obtained in numericaquilateral configuratiofa) behaves very similarly to the
simulations and correlated to laser-induced charge localizdinear molecular, curvec), for parallel bond polarization.
tion [3]. Expressions foR. have been derived for linear,d  The critical distanceR, for CREI is somewhat largemR,
and H?" based on an electrostatic model wherein the elec=7 a.u., for the triangular configuration as comparedto
tron is excited to a field-induced lowest unoccupied molecu=5 a.u. for the linear configuration. This small difference in
lar (LUMO) from a highest occupied molecular orbital R.'s reflects the difference in energy of the HOMO and
(HOMO) and escapes through charge-resonance effect abov&JMO for the linear[(c)] and trangulad (a)] configura-
the internal barriers induced by the static laser figjdand tions. In the linear case, the two orbitals are separated by a
the internal Coulomb potentil;, Eqg. (2) (see Figs. 1 and smaller electronic transfer energly whereas for the equilat-
2). Thus for H* one obtainsR =4/ ,=8 a.u.[5], whereas eral configuration, the LUMO is doubly degenerate with a
for linear H?", R.=5/21,=5 a.u.[6], whereR is the inter-  larger energy separation from the HOMQ@7]. Thus one
proton distance. This theoretical prediction which includesmust go to longer internuclear distances in the equilateral
the charge-resonance energy displacement of the LUMO isonfiguration case in order that the LUMO falls in energy
in excellent agreement with exact 3B,6] and 1D[5] simu-  below the total internal Coulomb barriers of the molecule
lations. This has been shown to be also independent of fieldenerated by the nucleY/, and the electrostatic fiel&,.
intensity and nuclear chard8,6]. The charge-resonance ef- The distancdR, where this occurs for zero fieldEg=0) is a
fect occurs through the strong coupling between the free fielirst approximatior{15,17] to the true critical distancB, as
HOMO and the corresponding LUMO by the radiative cou-it neglects charge-resonance effgets6].

pling u(R)Ey where u(R) is the electronic transition mo- The perpendicular polarizatiofz axis), ionization rate,
ment between these two “frontier” orbitalf27,28. For  curve (b), exhibits a maximum aR;=6.5 a.u., a somewhat
H,", u(R)=R/2, whereas for linear ", u(R)=R/2V2. smaller distance. For all three cases one has the maximum

We illustrate in Fig. 3 the ionization rate for triangular, ionization rated” (103s%): (a) 8.6; (b) 8.1; (c) 0.25 with
equilateral H2* as a function of the interproton distanBe  respect to the H atom rate 0.08. Thus for equilatergi™H
for A=1064 nm,| =8x 10" W/cn? laser conditions. Curve and other similar nonlinear molecules, one expects CREI to
(a) corresponds to the electric field polarized along the manifest itself as a strong enhancement of ionization at a
axis, i.e., parallel to one of the bonds wheréls corre-  critical distanceR.=5/2l, as in the linear casgs]. We add
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FIG. 5. HOMO-LUMO energies in a static fiel,=4.8X 10" 2 a.u. (,=8x 10" W/cn?) at critical R, = 6.5 a.u. forz polarization[Fig.
4(b)] for internal anglesp: (a) ¢=65°; (b) $=75°; (c) p=87.5°; (d) p=95°.

finally that for the equilateral casB, is independent of laser H,2*, a good estimate fot, is 1,=0.5+ 2/R at largeR

polarization as confirmed by Fig. 3. where 0.5 is thel, for H. Thus one obtaing ,(Hs*", R
Finally in Fig. 4 we present the ionization for;H as a =7)=0.8 a.u. SinceU,(I=8x 10" W/cnm?, A =1064 nm)
function of internal angleb at the twoR.'s illustrated in Fig.  —( 39 a.u., one obtains from E¢4) y=1. Clearly, under

3; 7 a.u. forx polarization and 6.5 a.u. fa polarization.  the present simulation conditions one is at the limit of the
Thus for the first case, Fig(d with the field parallel to one ;.. tunneling ionization model, whereas fgr 1 one ex-

of tt?]e bon:js .Wh'Ch bec:)mleSSOEz%[Lall_el to t?e Ilnetar_molecul ects a multiphoton transition description to be more ad-
as the anglep increases to » (e lonization rate increase quate. We show next that the static model does allow for a

sharply between 80° and 100°, but only by about a factor o . . . .

2. Tr?eysensitivity of the ionization rateyto )t/he internal anglecorrelatlon a‘?d an interpretation of the CREI critical angle

¢ is much greater for the perpendicular polarization. Thus, aéﬁc observed in Fig. 4. . .

shown in Fig. 4b), the rate increases by about one order of We illustrate the Corre_lf_mon betwee_n CR.EI and the inter-

magnitude betweer=70° and 90° with a maximum around nal angle¢ and the positions of the field-induced HOMO

bo=87° and LUMO with respect to the net interndleld plus Cou-
0_ .

. . . T lomb) potential barriers in Fig. 5. The energy levels illus-
An interpretation of intense field ionization can be made : . d
. S . ; trated in Fig. 5 were calculated from a time-dependent
in terms of a field-induced tunneling model in the long-

; o in fi —
wavelength regimd17,21. A criterion for the validity of nggal%étzlo; uOf(I th—ecEggf—fg;éjolénwicfr:g“(csgflgeEfE]
h h is the Keldysh e, : LT S0 0O T . :
such an approach s the Keldysh paraméter.u) for detaily. One observes from Fig. 5 that as the internal

angle ¢ opens from the minimum equilateral angle 60° to-
wards the maximum angle linear configuratips 180°, the
upper level(LUMO in zero field rises above the internal
barrier between the protons in the bond perpendicular to the
field Eq, but then becomes retrapped for angles=@&7°. A
subtle interplay between energy separation and radiative cou-

y=(1,/2U )= w(21 ) YE,, (5)

wherel , is the ionization potentiallJ, the ponderomotive
energy(see Sec. )l for a field strengthE,. The tunneling
regime is therefore defined by<1 where field effects,)

are larger than internal Coulomb potentialg)( For linear
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pling which populates the upper level is responsible for the TABLE I. lonization rated” (10**s™) for 2D-H," as a function
ionization maximum. Figure 5 shows that a strong correlaof interproton distanceR and laser orientationd at 1=
tion exists between the ionization maximum window for 810" W/cn?, \=1064 nm laser parameters.

angles 70< $<<90°, Fig. 4, and the position of the upper

field-induced molecular energy level with respect to the in- ¢ (de9 R=3a.u. R=7a.u. R=9.5au.
ternal barrier in nonlinear J*, illustrated in Fig. 5. We 0 0.0068 8 48 23
conclude that this static field image is also useful to describe 0.00838 4.7 29
CREI in nonlinear molecules as it is for linear molecules 20 0.00935 35 21
[4,6,17. Hence, in nonlinear molecules CREI occurs at criti- 30 0l00780 2'3 1'7
cal distance®, Fig. 3, but also at critical angles, , Fig. 4, ' ' '

g . o . 40 0.0068 3 1.2 1.3
and therefore is a universal ionization enhancement induced 45 0.0070 2 0.76 10
by short intense laser pulses. Recent Coulomb explosion 50 0'00725 0'49 1.0
measurement in linear29] and nonlinear moleculef30] ' ' '
shows both CREI at large internuclear distances but also at 60 0.00981 0.19 0.78
strong nonlinear structural transitions. However, a critical 70 0.00990 0.14 0.38
angle has not yet been identified. 80 0.00998 0.14 0.23

90 0.0122 0.10 0.20

IV. ORIENTATIONAL EFFECTS ON IONIZATION

N B B .
The ionization rates reported in Figs. 3 and 4 and disfor Hz"» I'j/I', ~40 atR=7 a.u., 10 aR=9.5a.u. in agree-

. . . 2+
cussed in the preceding section were calculated for paralld'€nt with previous 3D calculatiori$6]. For H;"" these ra-
tios are~2 atR=1.65a.u.,~100 atR=6 a.u.

field-molecule orientations in the linear case. However in- . -
tense fields via their nonlinear interaction with polarizabil- The above results demonstrate the importance of the criti-

ities of molecules will induce alignment in the nonresonantc@l distanceR. in intense laser field nonlinear photophysics
case[11-14,31. Resonant excitation in the nonlinear high Of diatomic and triatomic molecules. lonization ratesRat
intensity regime can also lead to laser control of moleculaXc€ed equilibrium rates by at least one order of magnitude
orientations and photodissociation angular distribution@nd are most sensitive to the laser polarization around these
[32,33. Recent measurements of dissociation dynamics ofritical d_|star_10es: In the next section we calculated the cor-
nonlinear molecules in intense laser fields show remarkablEeSponding field-induced torques.

directional specificities with respect to the polarization of the

incident field[34]. Measurements of angular distributions of V. LASER-INDUCED TORQUES AND ORIENTATION

ionic fragments of diatomics in intense laser fields show . . :
clear dynamic and geometric laser-induced alignment of Intense laser fields are expected to induce alignment and

moleculeq 35]. We will therefore next address orientational even orientational trapping .Of molecules via strong nonreso-
effects in ionization. nant and therefore virtual field-molecule couplings from di-

Our previous calculations of ionization rates in the mol-feﬁfsmﬁrgﬁzths ;rl}dlrjltr::gn;nhg(s)l?e”dza':gk:h??:l(?r?géesfo|?e(;?1rgullg-r
ecules H", Hy and H" based on finite element methods stateg13] and thrgre is now experimental obserrz/atioﬁ of de-
[36] showed that parallell{;) ionization rates exceeded per- P

pendicular [',) rates at equilibrium distances by about aflection and guiding of molecules by such field-induced di-
1
factor of 2 to 3 for the ions whereas for neutralstHis ratio pole forces[14]. In the present work, we have shown that

; : 7 nonresonant field-molecule couplings through charge-
was about a factor of 2.at the higher |ntens.|t_y, ?lW/sz' resonance effects leads to CREI at critical distariRg$or
In the case of equilateral #1 at equilibrium R,

; 2+ o i
=1.65a.u.), this ratio was about 1.5 whereas we have ofinear molecules (b, Hs®") and critical angled). for non

r_eady shown IE FI%' 4r’1.that at the leczl COl;]flguratl(RbSd TABLE Il. lonization rates,I' (10'3s™1) for linear equidistant
=7a.u. anap.=87°, this ratio can vary by about one order H42" as a function of interproton distan&eand laser orientatiod

of magnitude. Static field quasienergy calculations off H at|=8x 101 W/cn? and\ = 1064 nm laser parameters.
also reach the conclusion that ionization rates are, in general,

very sensitive to orientatiofi37]. Since Coulomb explosions 9 (deg R=1.65a.u. R=6 a.u.
occur at or near the critical distanc& for pulses suffi-
ciently long to allow molecules to dilate to such distances, a 0 0.046 6.0
critical assessment of angle-dependent ionization rates and 10 0.045 0.80
alignment torques is essential near these critical distances. 20 0.043 0.040
We have therefore obtained ionization rates for linegf H 30 0.050 0.038
and H2" as a function of angl@ between the laser polar- 40 0.070 0.075
ization and the molecular axis following the numerical pro- 45 0.069 0.072
cedure detailed in Sec. Il. lonization rates for the above laser 50 0.064 0.070
parameters are reported in Table | fos*Hand Table Il for 60 0.046 0.040
H,?" as a function of angle and interproton distanceR 70 0.044 0.025
=3,7,9.5a.u. for H* andR=1.65 and 6 a.u. for . Both 80 0.044 0.014
tables illustrate the previous remark that ionization rates are 920 0.026 0.006

always most sensitive around the critical distafze Thus
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linear H2*. In the present section we will calculate the time- angle 6y, K(0)=m/2 so thatr,= m/(2w,) corresponds to
dependent field-induced torques experienced by the onene-fourth of a pendular period.
electron linear H', Hs?" in the CREI region and estimate  Our previous calculations of for H," at 1064 nm[36]

the corresponding alignment times. allow us to estimate, and 7 at intensity 16* wicn?, where
Limiting ourselves to planar 2D motion, an electric field Ey=5.3x 10" 2 a.u. Thus witha=3.3 a.u.,|=1800a.u. R
will induce a dipole moment =1.4 a.u.) one obtains readilyd= 625 a.u= 15 fs, which
. - R gives a pendular period? w,=94fs. The corresponding
d(t) = Ex() 1+, E(1)], (6)  alignment time(one-fourth of cycle 7,=23fs. This is the

small-angle oscillation limit. Using values of elliptic inte-
grals, Eq.(13) gives =80 fs for alignment fromf,=89°

E (t)=E(t)cosd, E,(t)=—E(t)siné, (7  and7=30 fs for §,= m/4. Thus at intensity d W/cn?, one
estimates that the alignment time fog™HatR=1.4 a.u. from

and (L) are the paralle[xx) and perpendiculatz? field the above classical model should be 88 f5>30 fs. The re-

components of the polarizability. The corresponding clas- sult is frequency independent as we have used a high-

where

sical torque is defined 488], frequency approximatiofisee the Appendix for the general
solution where it is shown thatis indeed nearly frequency
Ny = wR28=dy(1) (1) — d,() E(1)= — = E¥(t)sin29, ~ independent
y—H (DB~ dDE( == 5 E1) Knowing that preferential ionization occurs Bt=7 a.u.

®  for H,", Egs.(12) and(13) predict that the alignment time is
. 2 proportional to {/ a)Y?Eq=(u/a)Y?RIE,. The polarizabil-
where is the molecular reduced magsiR” the moment of ity a is expected to vary as the internuclear distaRackie to

inertial, ande=a;— «, . 6is the laser-molecule angle and h h . ) ible for CREI
y is the torque direction perpendicular to the plane of thdh€e charge-resonance interaction responsible for '

laser-molecule system Adopting the simple model that is proportional to the vol-
. — 3 - .
From Eq.(8) one obtains readily the classical pendulum UMe of the moleculex~R* [40] one obtains the simple rule

-1 12 : : -
equation of motion for fixed internuclear distarRe thatr=Eq “*(u/R)™" Thus one predicts that alignment times
should decrease linearly with the field strenth decrease

d20  E2(t) [« asR™ 2 and increase with the reduced massud€. The
ae =" T(T) sin 26. C) above considerations have assumed that the first-order polar-
izability « is adequate to describe the field-molecule interac-
This can be solved in the limit of large laser frequengy tion and that there is no ionization. We examine below by
i.e., laser periods@/w shorter than the alignment timg(see ~ accurate solutions of the TDSE for 2D,Hand H*" the

the Appendix for more general solutionhus setting actual torques produced by an intense laser field.
We illustrate in Fig. 6 the calculated laser-induced dipoles
) ES d,(t), d,(t) obtained from Eq(4) for H,” at R=9.5 a.u.,
(EX(1))=Eg(cos wt)=—, | = 10" W/cn?, A =1064 nm, and laser anglé=45°. The
corresponding torqusl,(t) calculated from Eq(8) is illus-
gives the new high-frequency equation trated in Fig. 7. Figure 6 shows that after the five cycle pulse

rise the induced dipoles follow the field according to the

d?e Ega _ perturbative expressiof6). The small asymmetry on the
e —(T)sm 20, (100 d,(t) component which is due to the pulse rise, Fig. 6, re-
sults in the torque, Fig. 7, not following the perturbative
where E, is the maximum laser amplitude. A small-angle xpression(8) exactly. Thus Fig. 7 illustrates two sets of
approximation gives the harmonic equation maxima with unequal amplitudes whereas E&). predicts
equal amplitudes repeating at half-cycles. Finally in Fig. 8
d2e Eéa we present the torquel,(t) for the two different laser-
mz“*‘(y) 6=0, (1) molecule orientations(a) #=30° and (b) §=60°. Since
from Eg. (8), Ny(t)*sin20 and singr—26)=sin(26), one
from which one obtains the pendular frequency would expect the torque to be the same for these two angles,
i.e., 6=30° and 60°. Figure 8 shows clearly this is not the
wp=(E§a/2|)1/2. (120  case. The torques have opposite sign and exhibit different

time-dependent periodicities. Thus Fig(aB (6=30°) is
Equation(9) can be solved for the more general case in termsimilar to Fig. 7 (#=45°). This is consistent with the fact
of elliptic integralsk, allowing to define the alignment time that in these two cases th(t) component is dominant.
for motion from some initial angl®, to a final #=0, [38], Figure 8b) corresponds to a torque whetg(t) is dominant
as can be verified from Table Ill. Table | shows further that
the ionization rates at 30° exceeds that at 60° by a factor of
2. Thus the response of the molecule at these two orienta-
tions is quite different in the ionization regime. This results
wherew, is the field-induced pendular frequency defined inin different ionization rates and also different torques, con-
Eg. (12) and K is an elliptic integral[39]. For very small trary to the perturbative regime defined by E§).

T= i K(sin6y), (13
@p
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FIG. 6. Laser-induced dipoles for ,H at R=9.5a.u., |
=1064 W/cnt, A=10" nm, and laser anglé=45°: (a) d,(t); (b)
d,(t).
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FIG. 7. Laser-induced torquél,(t), Eq. (8) for H," at R
=95 a.u.,1=10" W/cn?, A\=1064 nm, and laser orientatiof
=45°, corresponding to dipoles, Fig. 6.
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FIG. 8. Laser-induced torqueN,(t), Eq. (8), for H," at R
=9.5a.u.,l=10" W/cn?, A=1064 nm, for laser orientatior(a)
0=30°; (b) 6=60°.

Comparisons of ionization rates for,H Table | and
H,2", Table Il and Figs. 3 and 4 show that these are most
sensitive to laser orientatiof at the CREI distancesR,
=7 and 6 a.u. The comparisons of the dipoles and torques,
Table Il and 1V, show the same effect, largest variations of
these physical parameters occurRat as a function of the
laser angled, and these do not conform to the perturbative
expression$6)—(8). In the discussion for k', following Eq.
(13), we estimated the alignment tim@at | =10 W/cn?,
A=1064nm) to be 80fs7>30fs for R=1.4a.u. At the
critical distanceR,, 7 a.u., sincer scales as I{a)*?
~R~ Y2, shorter alignment times should be in order. Perusal
of Table Ill for H,” shows torques are maximum Rt=7,
thus implying shorter’s. However, such torques exhibit an
unusual property aR;, they change signs a=35° and
65°, i.e., zero torque occurs at these angles, implying “trap-
ping” of the molecular ion at such angles. From the ioniza-
tion rates in Table | one estimates the lifetimes of these an-
gular states to be 60 185°) and 600 fs(65°).

H,2" is more amenable to an analytical analysis following
Tables Il and IV. Thus at the equilibrium distance of linear
Hs" [36], R=1.65a.u., the torqueNy, Table IV (I=



2160

ANDRE D. BANDRAUK AND JONATHAN RUEL

TABLE Ill. Maximum dipolesdy, and torquesN, for 2D-H," at A =1064 nm,| = 10" W/cn? laser
parameters as a function of laser orientatébn
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R=3 R=7 R=9.5

0 dx dz dx dz dx dz
(deg (a.u) (a.u) Ny (a.u) (a.u) Ny (a.u) (a.u) Ny

0 0.80 0 0 3.8 0 0 15 0 0

10 0.78 0.03 —0.030 3.0 0.3 0.004 15 0.3 0.0035
20 0.75 0.06 —0.020 1.8 0.5 0.012 14 0.5 0.006
30 0.70 0.10 —0.0006 1.0 0.6 0.013 11 0.6 0.008
40 0.61 0.13 0.0007 15 0.5 -0.020 0.95 0.6 0.0075
45 0.60 0.15 0.0011 15 0.5 -0.025 0.77 0.6 0.006
50 0.57 0.17 0.0021 15 0.4 —0.029 0.57 0.42 0.0045
60 0.41 0.18 0.0036 1.0 0.3 -0.020 0.4 0.3 —0.006

70 0.29 0.19 0.0048 0.9 0.3 0.04 0.3 0.23 0.004
80 0.14 0.21 0.0059 1.1 0.4 0.045 0.3 0.2 0.008
90 0 0.21 0 0 0.4 0 0 0.3 0

8x 10" W/cn¥), follows the sin@ law, Eq. (18). This al-
lows us to evaluate the parametesz(g)/Zz N, (45°)
=0.006 a.u. The alignment timeis obtained from Eq(13)
as 7l(2wp)=m/2(IIN)Y?=49fs, where |=2myR?
=9800 a.u. The maximum ionization rate occurs @t
=45° I'=0.07x10"* s 1, with a corresponding lifetime of

the one-electron systems, 2DyHand H?* as a function of
internuclear distanc®, internal angleg for Hz?*, and laser
orientation 6. lonization maxima, exceeding that of the H
atom were found to occur at critical distanBg for both
systems and also at critical internal anglés for Hg?™".

Y ) ] : These maxima were attributed to CREI and were shown to
1.4 ps, giving the molecular ion ample time to alignfat  pe the result of laser-induced displacements of the LUMO

=1.65a.u. before complete ionization. At the critical dis-\ji5 charge-resonance effects above the field-induced static
tanceR.=6 a.u. (Table 1V), the torqueN, grows steadily  ~,,1omb barriers.

with orientation angled. Taking N, (45°)=0.05 as an ap-
proximation to aE(Z)IZ again, and usind=1.3x10° a.u.,
gives 7=62 fs for the alignment time of " at R,
=6 a.u., | =8x 10" W/cn?. The corresponding ionization
rates vary rapidly(Table 1) with one maximum of 0.07

Laser orientation-dependent-induced dipole moments and
torques were also obtained from the numerical solutions. As
in the case of ionization rates, these were found to be the
largest and the most sensitive to orientation around the criti-
3 T s Ao . o cal CREI configurations. It was found that for intensities
X107 s " at 6=45°, corresp_ondlng to a_Ilfetlm_e _also _Of L4 around 16* Wi/cn?, torques are sufficiently large at equilib-
ps. Clearly a'3°:6 a.u., the ion has again sufficient ime 10 1, g a1 critical CREI configurations to allow for orienta-
align to 6=0° where it will rapidly undergo CREI with @ {j5, pefore the onset of complete ionization. The present
lifetime of 16 fs. numerical results also indicate that at the CREI critical dis-
tances, torques can change sign due to the highly nonlinear,
nonperturbative nature of the molecule-field interactions.

We have performed exact fixed nucle{Born- This implies that vanishing torques will occur at particular
Oppenheimercalculations of ionization rates and torques for angles, leading hence to orientational trapping at these angles

VI. CONCLUSION

TABLE IV. Maximum dipoles dy and torquesN, for 2D linear H2" at A\=1064 nm, |=
8% 10" W/cn? laser parameters as a function of laser orientation

R=6 R=1.65
0 dx dz dx dz
(deg (a.u) (a.u) Ny (a.u) (a.u) Ny

0 2.2 0 0 0.30 0 0

10 2.0 0.1 0.005 0.20 0.03 0.0020
20 1.9 0.14 0.010 0.25 0.05 0.0030
30 1.8 0.2 0.012 0.28 0.11 0.0045
40 2.6 1.0 0.050 0.23 0.15 0.0055
50 25 2.0 0.025 0.20 0.17 0.0060
60 2.0 1.0 0.035 0.15 0.15 0.0043
70 2.0 0.7 0.050 0.10 0.15 0.003
80 1.9 0.4 0.060 0.05 0.17 0.0020
90 0 0.15 0 0 0.18 0
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at intensities above 16W/cn?.

APPENDIX

The pendulum equatiof®) can be rewritten as a function
of the generalized field area

a'(t)ZJ' E(t)dt, (A1)
d?o
Fz(t)—’ySIHZG, (AZ)

where y= a/(2l), the ratio of polarizability to moment of
inertia. For small angles si#=6, we obtain a harmonic
equation

dze 2 1/2
W+w00=0, we=(all)™, (A3)
0(t)=6gcod wya(t)]. (A4)

For a constant pulse shapg,, E(t)=Ejcoswt, o(t)
=(Ey/w)sinwt, one obtains

w4E

sinmt),

o(t)= 06, cos(

wyEg
e

23 J2k( w"EO) cos(kwt)]

w

(A5)

In the high-frequency limitw,/w<<€1, one obtains from
asymptotic expressions of the integer Bessel functign
[39],

~ 01— wS/ZwZ],
(A6)

22
wyEq
1- .
‘90[ 2

wE
9(09‘90\]0( Z)O)*
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wherew, is the field-induced pendular frequency, Efj2).
Equation(6) predicts, therefore, an average shift of the initial
angle g, by the fractionw}/2w?.
The most general solution of E) for alignment from
0y to =0 is[38]
a(7)=y YK(sinby), (A7)
whereK is an elliptic integral 39].

For a constant periodic fielH(t) = E, coswt, one obtains
the transcendental equation for the alignment time

®
sin(wTt)=

K(sin6y), (A8)

@p

as compared to thieigh-frequency limit, Eq(13). For small
6y, K(0)=/2, and assuming sit=w7, one obtains

1 = (A9)

T=— 5

V2 2wy
as compared to the high-frequency limit /2w, from Eq.
(13).

Another limit, thelow-frequency or near static field limit
can be now obtained from the more general solut@®nby
setting again simT=wr,

~ K(sin6y)

A10
V2w (A10)

T
p

This differs from the high-frequency limit equatiq®3) by
the same factor ¥2 as the small-angle equatig8),

We conclude from the more general frequency-dependent
transcendental equatidB) for the alignment timer that the
low-frequencyt, Eq.(10) and the high-frequency, Eq.(13),
are nearly the same, so that the alignment time can be con-
sidered to be frequency independent.
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