PHYSICAL REVIEW A VOLUME 57, NUMBER 2 FEBRUARY 1998
Electron-nuclear dynamics of multiphoton H,* dissociative ionization in intense laser fields
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The time-dependent Schdimger equation for the one-dimensiona}*Hmolecule (with both nuclear and
electronic degrees of freedom includeslas solved numerically to study dissociative ionization. A wave-
function splitting technique was used with projections onto Volkov states, which allows one to circumvent the
problem of lost information on electron flux due to absorbing boundary methods. This technique allows us to
calculate the above-threshold ionizati@ir'l) photo electron kinetic-energy spectra in the presence of moving
nuclei, as well as complete spectra of dissociating protons, beyond the Born-Oppenheimer approximation. The
ATI spectra are considerably enhanced with respect to the H-atom spectra due to electron molecule interaction.
The peaks seen in calculated Coulomb explosion spectra of protons agree well with recent theoretical and
experimental work related to the phenomenon of charge-resonance-enhanced ionization in molecules.
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PACS numbd(s): 42.50.Hz

I. INTRODUCTION rithm than that used in the zone close to nufl&l—14. We
first describe this technique for frozen internuclear distance,
The interaction of intense laser pulsémtensity | in detail, in Sec. Il of our paper. In Sec. lll we present details

> 10" W/cm?) with atoms and molecules leads to many newof our exact, non-Born-Oppenheimer calculations, i.e., with
interesting multiphoton, nonperturbative phenomena such &oth electron and nuclear motion, and show how the wave-
high-order harmonic generation, above-threshold dissocigunction splitting technique is implemented for this case. In
tion (ATD), and above-threshold ionizatigATl). This has  Sec. IV, we present the kinetic-energy spectra of the disso-
been an area of active research in the past defdads], and  Ciating nuclear fragments, which show clear signatures of the
there has been extensive progress in the understanding eiarge-resonance-enhanced-ionizatGREI phenomenon,
these processes in atoms. The situation for molecules is nénd competition between ATD and Coulomb explosion.
as advanced because of the complexity arising from the ad=REI was first discussed in Ref15] in relation to high-
ditional nuclear degrees of freedom. Despite the fact that therder harmonic generation, and was further studied using
electronic and nuclear characteristic time scales are very difnodels with frozen nuclear motidi6-19 to interpret ex-
ferent (attosecond, 10'® s, vs femtosecond, 10°fs), the  perimental Coulomb explosion results. Thus it remained to
intense laser field induces a complex correlation betweeRe investigated whether the effect of enhanced ionization
both motions, which we attempt to study by solving numeri-would be washed out by the nuclear dynamics. Our previous
cally the time-dependent Scliioger equatiofTDSE) using  non-Born-Oppenheimer calculatiofs; 7] did not show very

the exact, one-dimensionélD), three-body Hamiltonian for clear CREI peaks in the proton spectra due to the above-
a H," molecular ion in an intense, linearly polarized lasermentioned electron flux losses through the absorbing bound-
field. We have reported earlier results of simulations basedries. In contrast, the wavefunction splitting technique yields
on the TDSE for H" with a single 3D electron and 1D sharp Coulomb explosion peaks due to CREI, and also a
protons for 212 and 600-nm wavelengfis7]. Similar cal- Weaker peak originating from the center of the initial wave
culations for 1D electrons and protons were also reporte@acket. Section V contains the ATI electron spectra from
recently[8,9]. In all these studies absorbing boundaries weré1,", showing considerable enhancement of peaks with re-
used to remove the electron flux from the finite electron gridspect to the H atom, both in the low- and high-energy parts:
(in Refs.[8, 9], a nuclear absorber was used as wdlhere- & very broad high-energy tail in the energy spectra of elec-
fore, so far, ATI kinetic spectra in the presence of movingtrons is seen, extending up to Up, where U,
nuclei have not been calculated. Similarly, removing the=€’Ey/4me? is the electron ponderomotive energy. Typi-
electron flux introduces loss of information about Coulombcally, the bulk of(about 99% ionized electrons have strong
exploding protons, with which the lost electron flux was ATl peaks in the energy range less thad 3(this limit cor-
linked (i.e., thep+p+e~ channel, and consequently the responds to the maximum drift velocity for electrons born in
high-energy part of the reported proton spectrum was incomthe continuum with zero kinetic enerd0]). Recently, it
plete. In the present paper we report the first, to our knowlwas pointed out that, contrary to the harmonic generation
edge, complete calculations of Coulomb explosion spectra afpectra, the ATI electron spectra do not have a sharp cutoff
protons and the ATI electron kinetic energy spectra from théout extend much further thanlB, due to the rescattering of
dissociating H". The difficulty with the lost information of an electron returning to the nucle{20—23. So far these
dynamics through absorbing boundaries is overcome witleffects were much discussed for ATI from atoms. Recent
the help of a wave-function splitting techniqLi0,11 which  measurements of extremely hobulti-keV electrons ejected
allows us to propagate in time the absorbed part of the wavéfom a xenon clustef24] suggest that these rescattering ef-
function in the asymptotic region using a much faster algofects may be much stronger in molecules and clusters than in
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simple atoms, since the electrons ionizing toward neighbortron flux led to a considerable loss of information about the
ing dissociating nuclei can scatter on them and absorb addiruclear movement, i.e., we were unable to reproduce com-
tional photons. Obviously, such a possibility does not exist irpletely the spectra of dissociating fragments from the Cou-
atoms or atomic ions. Therefore, hot electrons are less likeNomb explosion channel, since these fragments were linked
in atoms, since they can originate only from the returningwith the absorbed electron flux. In this paper we develop a
electrons scattered on one nucleus, while in the dissociatintgchnique which allows us to reconstruct the total absorbed
molecule an ionizing electron can encounter another scatteretectron wave packet in momentum space and propagate it in
directly on its path on which additional photons can be ab+time, analytically, to any time after the pulse turn-off. Thus
sorbed. The investigation of this issue is the main focus ofvith the help of this technique one can calculate efficiently
Sec. V. In the present paper, we use a 1D model for botlthe photoelectron spectra after the turn-off of the pulse. A
electronic and nuclear degrees of freedom. similar technique has been earlier ugéd], for calculating

It appears that the 1D dynamics describes reasonably wellinetic-energy spectra of photodissociation prod@afthout
the movement of the atomic electrof® in the linearly po- ionization, with the laser-molecule coupling neglected in the
larized, intense laser field$ % 10** W/cn?) and reproduces asymptotic region. Recentf13], this technique was gener-
correctly such phenomena as high harmonic generation alized for nondecayingfor large distancesdipole couplings
ATI. Since the molecules in intense fields are aligned, due tdfor dissociating moleculgsand for the calculation of atomic
the torque from laser induced polarizabilitig25], one may ATl spectra from the time-dependent Sollimger equation
expect that 1D molecular dynamics can also reproduce mo$i4] at high frequencies. In the present work we extend this
salient features of the dynamics in intense laser fi¢ltls technique for solving the TDSE for molecules with moving
=10 Wi/cn?, i.e., above the ionization threshgldn par-  nuclei by projecting onto asymptotic Volkov states. Since the
ticular in the long-wavelength regime, when the the moleculevave-function splitting technique is quite complex in prac-
dissociates via the bond softening mechanjdr26,27 due tice, we first, present this technique for the case of frozen
to laser-induced avoided crossin@g. Such a 1D molecular- nuclei, and explain in Sec. Il how the technique was imple-
dynamics calculation was presented recef8lg]. It appears mented for the case when the nuclei move. Therefore, in this
that the potential surfaces resulting from 1D electron motiorsection, theR variable is a fixed parameter, which we do not
are quite close to exact 3D surfaces, thus providing a modehclude in the wave function. Let us consider a time-
for nuclear motions with correct molecular harmonic and an-dependent, 1D Schdinger equation writterfin a.u) in the
harmonic constants as well as correct dissociation eri&lgy following forms:
For instance the dissociation energy in our model is 2.879

eV, whereas its experimental value is 2.651 eV, and the _dP(z,1) 1 2
separation of the two lowest vibrational levels is in the 1D P ——=| ~5 732 T V(@R +zEY) |¥(z1), (D)
model is 0.253 eV, whereas in the exact 3D model its value
is 0.274. where
Il. DESCRIPTION OF THE WAVE-FUNCTION 1 1

SPLITTING ALGORITHM FOR SOLVING Ve(zR)=- @

THE TIME-DEPENDENT SCHRO DINGER EQUATION

One of the theoretical approaches to calculate the ATRNE(Y) is the laser electric field. This equation is usually
spectra relies on exact numerical solutions of the TDSE offiscretized and solved numerically farj <z, , wherez,, is
recently available powerful supercomputers. So far this ap2 9rid size. We tested the splitting methidd)] for the case
proach has been successfully applied to one-electron aton®§ @ 1D H atom in the laser field of intensity=2.2
and moleculegor two 1D electrong28]). Typically, in such < 10" W/cn?, A=630 nm andt,=20 cycles (one cycle
numerical simulations, the initial wave function of the elec-equals 2.17 fs We compared our results with the exact large
tron is well localized in space, and later becomes spread ovélfid calculations from Ref[23]. The photoelectron spectra
very large distances. At the end of a short intense 40-fs lasdfom this reference show a plateau extending up 9,8
pulse, the front edge of the wave packet of the ionizing elec= 70 €V with a slowly decaying tail up to 130 el70 pho-
tron can be as far as 4000 a.u. from the nuclfas =2  tons absorbed where U,=e’Ef/(4mw?) is the electron
X 10* and A =600 nm and continues to expand for longer ponderomotive energy. Thus the fastest electron has a speed
times. Thus in order to avoid reflections from the boundariesym=2.3 a.u. and int,=43fs can be as far as 4050 a.u..
prohibitively large boxeggrids with 32 000 points or moye  Typically, the integration step in space i#z=0.25 a.u.,
in which the electron wave packet is fully contained, must bewhich means that grids with over 32 000 grid points must be
used. The most common solution to this difficulty is to useused for a 43-fs pulse. Far times longer pulsesy time
much smaller boxes with absorbing boundary conditionsgreater grids should be used. This constitutes a serious diffi-
This approach allows us to calculate the ionization rates andulty, even for 1D problems. Therefore, a fast algorithm for
harmonic generation spectra, but does not allow us to calcdargez’s is very desirable. In particular, since the Coulomb
late the photoelectrofor ATI) spectra(nor the accompany- forces are negligible for larggs, larger integration steps in
ing Coulomb explosion in the molecular casince the ex- spacedz, as well as much larger steps in time, can be used
ternal part of the wave function is absorbed and lost. Also, irasymptotically.
our recent 3D numerical studies of competition between ion- Let us divide the total grid into three overlapping regions
ization and dissociatiof6,7] the use of absorber for the elec- in space, in which different evolution algorithms will be

V1+(z—R2)2 1+ (z+R/2)?
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lﬂv(z,t):eXF[_iA(t,O)Z]lﬂex(Z,t), (11)

where

to
A(tz,t1)=—f E()dt=[A(ty) —A(tyllc (12

ty

is the electric field area over the interval,t, (or a differ-
ence in the electromagnetic vector potenfial Next we cal-
culate the Fourier transformp,(p,t) of ¢,(zt), which
evolves in time according to the equation

(Pv(pitZ):U(thtl)‘Pv(p!tl)l (13)

FIG. 1. lllustration of the two zones used in the wave-functionwhere the exact field propagatoris given by

splitting technique

used: the internal and two externalsymptotic, for positive
and negativez's) parts defined by

internal:  |z|<z,; external: z,<|z|<zy, ()
wherez;,—z,=2,>0 is the size of the overlap of both re-
gions. Both regions are shown in Fig. 1 for positwgalues
(similar two boxes are used for negatizevalues. In the
overlapping(or “matching”) region an absorbing potential

is introduced, which we have chosen in the following form:

Z—Z

2
vabs(z)ziv(,( ex) for ze,<|z|<z. (4)

The electron wave functiog(z,t) is split into internali;,
and external/,,; parts, by applying this absorbing potential
in the overlapping region of widtlg,, at timest,=két
where 6t is much larger than the integration tintd (dt
=0.03 a.u.,6t=150dt=0.05 cycle, i.e., in our simulations
for A=600 nm, 6t is much less than the laser cyrieith the
help of the following formulas:

P(Z,0)=dhin(Z,1) + el Z,1), 5
pin(z,)=1(z,80) (z,1), (6)
pexz,t)=[1-1(z,6) ]e(z,1), )

where
f(z,8t)=exd — 6tV 2)] for z.<|z|<z,, (8
f(z,o)=1  for 7| <z, ©)

and

f(z,6t)=0 for |z|>z,. (10

i [t
U(tz,tl):exp(—E Jt [p?+2A(t,00p+A?(t,0)]dt].
' (14)

Our method differs therefore from Millack’s approath]

by neglecting the Coulomb potential, a valid approximation
for r>ag, and by using the Volkov state propagatd#).
Thus our matching is performed during the laser pulse. In
our algorithm we perform the series of following operations
at each timda,=kst:

(i) The exact time evolutiorfincluding field plus Cou-
lomb potential of ¢, is evaluated in the internal zonéz(
<z;,) using the split-operator spectral method, as originally
applied to H* [29].

(ii) The outgoing wave is eliminated gradually from the
internal zone with the help of E¢6).

(iii ) The function splitting operation described by Ed@)
is performed to provide the outgoing waye, defined in the
“matching zone,” z.,<|2| <z, .

(iv) The velocity gauge wave functiaf, (in the external
region and its Fourier transfornp, are calculated in the
overlap region

oo (Pt = (2m) 12 f exp— ip2) i (240dz. (19)

(v) The momentum wave functioa(p,t;) is propagated
to some final time¢=t, (at which the photoelectron spectra
are to be calculatedusing the exact formula

@, (P 1) =U (s, 1) @, (P, ). (16)

(vi) The momentum wave functiow,(p,t;) is added to
o*"1(p,t;)'s accumulated at previous steps, i.e.,

oM (p,t =0 V(p,t)+ @, (p,ty).

Our calculation scheme relies on the assumption that in the (vii) The loop ends here and calculation starts at iep

asymptotic zonédefined by|z|>z.,) the Coulomb potential

with the integerk replaced byk+ 1.

can be neglected. However, the laser field may still be on. The most difficult part of the scheme presented here is the
This allows us to perform the time evolution exactly even inchoice of the free parametes,,, dt, z,,, andz,. Several
presence of a laser pulse over arbitrary time intervals bybvious necessarybut not sufficient physical conditions

calculating first the wave function in the velocity gauge
¥, (z,t) with the help of the formula

should be satisfied. First, the external zof@>* z.,) in our
scheme is the asymptotic region in which we neglect the
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TABLE I. Values of parameterén atomic unit$ used in the wave-function splitting schenmg, is the
number of electronic grid points in the internal zone| €z;,), andng, external grid points in momentum
space with the momentum resolutidrp=27/7168 a.u.ng is the proton grid points.

dt 6t dz Zex Zp Nin Nex Vabs Rmax Ng

0.03 4.5 0.25 512 150 4196 7168 2 70 840

Coulomb forces; therefore, we must require that-arz., the ~ Where ¢, (¢_) are wave functions corresponding to the
Coulomb force is much less then the electric foedg, , i.e.,  €lectron moving in the direction of positieegative direc-

tion along thez axis, respectively, ang(E)=+y2mE. We

e have checked the method by comparing our results for a 1D

Z—é<$eEM . (17) H atom with those of Ref§23,14] and with the results from

the one-box calculations. Slight disagreement between the
Second, our scheme is based on the assumption that the walgights (not position$ of several first photoelectron peaks
entering the “matching” zonéof lengthz,) does not return  Was seen _lf our spectra Were.calculated right at the end of the
back to the nucleus, as well as that the wave exiting this zonBulse. This disagreement disappears when the spectra are
does not return to it. This means that we should require thatalculated at later times;>t,, (with the laser turned off for
the classical ponderomotive radiag is much smaller than ti>tp), since then all slow electrons have enough time to

the location of the beginning of the external bmx and also ~ leave the matching zone. Therefore, in all calculations we

subsequent cycles, and then calculate the ATI spdetra
eE Ref.[10] for more details
@o<Zex and o<z, where ao=—". (18 This new two-box integration technique was first applied
for calculating the ATI spectra from a4 molecule frozen
Conditions(17) and (18) also ensure that all possible inter- &t an internuclear distandg [10], and those results were
ferences in the continuuriwhich are expected to take place Used later for comparison with the full non-Born-
in the near-nuclei zoneare appropriately taken into account OPPenheimer calculations, presented in the next sections.
by the exact algorithm used in the internal zone. In addition,

2

we must require that the matching should be redone after the  [ll. A NON-BORN-OPPENHEIMER 1D MODEL
time interval 8t shorter than the time necessary to move for OF H," IN INTENSE LASER FIELDS
the fastest electron across the matching “zone.” Assuming
that the fastest electron has the enekgy,,=8U,, we thus We have numerically solved the complete, three-body,
obtain time-dependent Schdinger equation for moving electrons
and nuclei(in a.u):
< a IP(z,R,t
M= imo, (19 i %=H(Z,R,t)w(z,R,t), (22

In our calculations¢t is also much less than the laser cycle. \\here
Finally, the absorption should occur on the distangkbnger

that de Broglie wavelength of the slowest electron. Assum- H(z,R,t)=HR(R)+Vc(z,R)+H,(2), (23
ing that the slowest electron has the enefgy, we thus
obtain H () 9 . H(R)— 1 4 . 1
" A2)==B 52~ «zEY), H( )__m_pﬁ R’
2o | (20) (24
Nhw)) -
(2mp+me) 14 mg (25
. . . o =P °  k=1t-——
For the maximal laser intensity chosen in this paper2.0 4m,m 2m,+m,

X 10 W/cn? and the wavelength =600 nm, the values of

two relevant parameters are,=13.1a.u.,U,=0.24a.u. andm, andm, (m.=1 in a.u) are, respectively, the electron
=6.5eV, andw=0.076 a.u=2.066 eV. In Table | we list and proton masses. Hamiltoni&2B) is the exactthree-body
the values of all parameters which we used in our calculaHamiltonian obtained after separation of the center-of-mass

tions and which satisfy all inequalities Eq4.7)—(20). motion[6]. The time evolution of the internal wave function
The spectra of ionized electrons, defined for eRcti.e., ¢, was performed in the same way as described in R2€s.
the simulation was performed for each fixBdseparately, 6] (using the split-operator methpdwhereas the external
were calculated according to the formula part (recovered from the absorber at eacft step
»M(p,R,t) was evolved with the help of the propagator, Eq.
B m (14), for timest, andt,=t,+ 6t, wherest=150dt (as pre-
S(E,R)=(l¢,+(P(E),tp|*+ e, (P(E),te)]?) p(E)’ viously). After each “large” time stepst was accomplished

(21)  the new portiong(p,R,t+ 6t) was added to the previously
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accumulated portion. The operation gxjdtH(R)] was ap-
plied to the accumulated part f¥(p,R,t) at each “small”
time stepdt, thus preserving the nuclear part. The potential
Vc(z,R) was neglected in the external zone, whereas the 0.20
Coloumb repulsion R was retained irH(R).
We have used laser pulses of total duration 20 cy@lés
fs), having the wavelength =600 nm, with a five-cycle rise
and fall. The values of various parameters used in the present
calculations are given in Table I. We numerically performed
the time evolution of the wave functiong,(z,R,t) and the
externale(p,R,t) for an additional two cycle fs), i.e., up
to the final timet; =23 cycles, using the Hamiltonian without
the electric field, in order to allow some more electron-
proton wave to leave the interaction region. 0.00
The initial wave function at=0 was assumed to be in the
following form:

0.25 T T T 7 T T T T T

2
le,|

0.15

0.10

0.05

Franck—Condon factors

vibrational states v

#(z,R,0=x(R)$o(R.2) (26) FIG. 2. Populations of initial vibrational statés,|? used in

. . . calculations presented in Figgb¥ and §b). The coefficients, are
wherey(R,z) was the eigenfunction of the electron Hamil- .o\ =ondon factors given by E(Q7), obtained by projecting

AN : . \
tonian in H™ (without the laser fieldat fixedR. Two dis- e ground-state vibrational wave function of bh the vibrational
tinct initial conditions, at=0 were used. statesy of H,".

(i) H," was initially prepared in its vibrationad =6

R)=xs(R) state, which is in resonance with the 600-nm ) )
)e(iciiatig%( ) changes sign. Thus this electron becomes “trapped” be-

(i) At t=0, H," was prepared in a superposition ofH tween the two protons. One may expect that the position of

vibrational states, obtained by Franck-Condon excitatiorfliS minimum is proportional to the classical radius of the

from the ground vibrational =0, state of the limolecule, ~electron in the laser field. N o
ie., This is indeed confirmed by the position of this minimum

for an intensity twice as high, which occur times further.
H We are currently attempting to explain this minimum using
X(R):XOZZZO Coxu(R), (2D classical dynamics of the electron.
Having calculated the wave function for each timeve
where calculated the following two joint probabilities as functions
of time (by integrating| |2 over specific regions in spage
- H which are measures of the ionization probabilRy(t) and
o= fo dR X, (R)xo*(R) (28) the probability of survival defined in the following wagee
Ref. [7] for more details P,(t)=Prob(z|>362 integrated
are the Franck-Condon factors displayed in Fig. 2. The lattepver all R's and Pg(t) =Prob(z|<32 a.u.,R<10a.u,, i.e.,
initial condition, (i) is close to the experimental situation, in Pg(t) is the probability of finding the electron and protons
which H,* is prepared by a steeply rising edge of a pulse,
which rapidly ionizes the KHimolecule.
In order to interpret the full calculation results, we first i
calculated the ionization rates for 170 valuespffrozen in
the range from 3 to 33 a.u. The ionization rates for the laser
wavelengthh =600 nm are displayed in Fig. 3 and compare
well to previous 3D calculation§7]. One observes strong
CREI peaks around 7 a.u., which were discussed recently
[15-19 in relation to harmonic generation and Coulomb ex-
plosion. The CREI effect manifests itself as a strong peak for
the relatively low intensityl =5x 10" W/cn?, whereas at
| =4%x 10" W/cn? the ionization rate increases rapidly
aroundR=4 a.u. and reaches a plateau with a rate close to
the H-atom rate with no sharp peaks. Note that, in addition to
those peaks some unexpected features appear for IRrger
values, in particular for lower intensities,|=5
X 10" W/cn? one observes a deep minimum in the ioniza-
tion rate atR=16 a.u. This originates from the fact that an
ionizing electron from one proton comes under the influence F|G. 3. Ionization rates as a function of internuclear distance for
of the second proton, and does not have enough time tRser intensities]=5x 103, 10 and 2x<10“ w/cm?, and A
escape from the second proton, before the electric field=600 nm.ay=eE/mw? is the ponderomotivéquiver amplitude.

T T T T T

)

S

e 1=2X10" W/em®
N

15 -1

IONIZATION RATE (10

5 10 15 20 25 30
R (a.u.)
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f(R)
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\

PROBABILITIES

06 ]
0.4 I b _1 —

02 -

fR)

0.0 : 2
0 5 10 15 20 -

TIME (cycle) 1 cycle=2fs

FIG. 4. Time dependence of the ionization probabilyt) and -3
of the probability of survival of H" Pg(t). The numerical simula- 0
tion was initialized eithefa) from thev =6 state of the K" or (b)
from the Franck-Condon superposition of vibrational states.df H

defined by Eqs(26) and (27). Laser intensities used:_(_) | FIG. 5. Probability density(R) of finding protons at distand®
=10 W/em?, and(.....) | =2X 10" W/cn?: A =600 nm. for the laser intensity = 10" W/cn®, A =600 nm, calculated at

=10 and 22 cycles. The numerical simulation was initialized either

(a) from thev =6 state of the K" or (b) from the Franck-Condon

close to the protons ce.nter of mass. Both thes+e numbers a§Eperposition of vibrational states ofH defined by Eqs(26) and
measures of two possible channgtst p+e, H,™ respec- 27)

tively, and consequently 1Ps— P, is a measure of the

p+H channel.P|(t) and Ps are plotted in Fig. 4 for all  the Franck-Condon initialization. However, for higher inten-
conditions considered in this paper. We observe that alread%[y the shape of thé(R) function depend little on the ini-

at the laser intensity=10'* W/cn? the survival probability tialization. In this latter case, the nuclear has moved very far
by the end of the pulse is very smaflote that the amplitude  forward at timet=22 cycles=44 fs, up to 40 a.u. Also, the

of our pulse starts to decreasetat15 cycles and is zero at outgoing part of the wave packet is already well separated

t=20 cycles, and one may expect that it would be zero if from a part containing surviving bound states of the"H
the pulse would not be turned-off. Both dissociation chaninglecule.

nels,p+H andp+ p+e, have almost equal branching ratios
for 1=10" W/cm?. The situation changes dramatically for

R(au)

IV. KINETIC-ENERGY SPECTRA OF DISSOCIATING

higher intensitiegsee dqtted lines in F_|g.),4when th_e Ij _ NUCLEAR ERAGMENTS
molecule does not survive the laser field and the ionization
channele+p+p dominates. The wave functions);,(z,R,ts) and ¢(p,R,t;) allow us

In order to have some information about the expansion ofo calculate separately spectra of nuclear fragments,
the nuclear wave function, we have integraf¢df over the  S,(pgr.t;) andS.{pr.t;), originating from internal and ex-
electron variabl€i.e., overz in the internal box and ovgs  ternal boxes, wherpy, is the relative momentum of dissoci-
in the external boxand thus obtained the probability density ating fragments, by simply calculating the Fourier transform
f(R) of finding the nuclear fragments separated by a distancéwith respect to the nuclear degrees of freegooh the
R. We have calculatef( R) att=10 and 22 cyclegnhote that asymptotic parflargeR) of ¢i,(z,R,t:),¢(p,R,t;), and next
the pulse was completely turned-offtat 20 cyclesg. Figures  calculating the square of absolute values of Fourier trans-
5 and 6 showf (R) functions for laser intensitids=10'*and  forms, and integrating over electronic degrees of freedom.
2% 10" W/cn? respectively. We observe a considerable senfFormula(9) of our previous paper, Reff7], gives the details
sibility of the wave-packet evolution on the initialization of of calculation of the outgoing part of the wave functighis
the calculation at lower intensity=10"* W/cn?: there is was done by cutting smoothly the wave functions in the re-
much more dissociation, and the nuclear wave packet igion of smallR, R<9.5 a.u., in order to eliminate from the
much more advanced in the case 6 initialization than for  proton spectrum the vibrational bound states of*H



1182 S. CHELKOWSKI, C. FOISY, AND A. D. BANDRAUK 57

0 1.0 T T T T T T
@ 600
—~ = nm
14 t=22 cycles T A
- ‘s >
7N )
S R\ 1=2x10™ wiem? z i
€ 2 al \ 3
= <
\ \ 2
\ £
30 \ 7
t=10 cycles \\
| 9
-4 T T T ‘\ T T
0 10 20 30 40 50 60 0.4 i T T T T T T T
14
—— =10
0
®) 03 H, v=0 state
as input 1
o2l \ i
~7\  1=2x10" wiem? E |
p+p
\ prH
\\ o1k f .
\ = 0.0 Y I I Y
i 1522 cycles o 1 2 3 4 5 6 7 8 9
\ / N\ NUCLEAR KINETIC ENERGY E (eV)
| / \
\ / \
T T T T

3 40 5 6o FIG. 7. Kinetic-energy spectra of dissociating nuclear frag-
R (@.u.) ments. The numerical simulation was initialized eitf@rfrom the

v ="6 state of the K" or (b) from the Franck-Condon superposition
FIG. 6. Same as in Fig. 5, but for the laser intendity2 of vibrational states of k', defined by Eqs(26) and (27). Laser

X 101 W/cm?: \ =600 nm. intensities used: () 1=10"W/cn?, and (...) 1=2
X 104 Wicn?; A =600 nm.

Sn(pr,ts) means the joint probability of finding fragments
with the relative momentunpg and the electron within the
interval |z|<z.,=362 a.u., whereaS,{pg.t;) means the
joint probability of finding fragments with the relative mo-
mentumpg and the electron outside the above interval, i.e.
at |z|>z.,=362 a.u.. ThusS,(pg.t;) is a measure of the
Coulomb explosion channel since it gives the probability of
finding the electron far from both protofithe protons in our
simulation never move further than 80 a,land S;,(pg,t;)

is a measure of dissociation chanmetH, since at suffi-
ciently larget; the ionizing electron had enough time to es-
cape the internal box, The total specfra., containing both
channels

rithmic scale(solid lineg. The dotted lines in these last two
figures areS;, functions, which according to the discussion
in the begining of this section are measures of Hhe p
channels. Since dotted and solid lines coincide Ear 1.5,

‘we conclude that the lower part of the spectrum is dominated
by the H+p channel or ATD, whereas the peaks far

>2 eV are predominantlp+ p+e channel peaks, i.e., Cou-
lomb explosion. The low-energy peaks, seen in Fig. 7 are
related to the bond-softening mechanipf27]: in Fig. 7(a)
there are two very close peaks at 0.26 and 0.43 eV. Their
position is close to the net absorption of one photon via a
multiphoton tunnellind 7] process from the =6 state. The
energy released into the dissociation channel from this pro-

B cess, when initially the molecule was in its vibrational state
S(E) =[Sin(Pr(E) )+ SexPr(E). 1) |/ Pr(E), (29 v, is given by a simple, conservation energy formula

where E=p2R/2,u is the fragments relative kinetic energy E=nfw—D,, (30)
(i.e., the sum of kinetic energies of both fragments in their
center-of-mass systemare plotted in Fig. 7. whereD,= —1,—E, is the dissociation energy from the vi-

Two different initial conditions were used in our calcula- brational levelv, 1,=0.67 a.u. is the ionization potential of
tions (see Sec. Il for a description of these conditipren 1D H atom,E, is the energy of the vibrational levelof H,*
which the spectra depend strongly. In Figaj7we show (from which photons are absorbe@ndn is the net number
spectra obtained from FI, which initially, att=0, was pre- of absorbed photongn general, it is a multiphoton process:
pared in its vibrationad = 6 state(two laser intensities were an absorption ofn photons followed by the reemision &f
usedl =10 and 2x 10** W/cn?) whereas in Fig. () we  photons, with the condition that=m—k>0).
show the spectra resulting from,H prepared, at=0, in a The values of dissociation energies in our 1D model are
superposition of vibrational states, coinciding with thegiven in Table Il. In general, they exceed the experimental
ground vibrational state of the ;Hnolecule, multiplied by values by 0.23 eV. For the wavelength=600 nm used in
the electronic wave function of H; see Eqs.(26)—(28). the present workfiw=2.066 eV. Thus fromv=6, for n
Figures 8 and 9 show the same total spectra but on a loga 1, a peak at 0.542 eV is expected, and fromb5, a peak at
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FIG. 8. Kinetic-energy spectra of dissociating nuclear frag- F|G. 9. Same as in Fig. 8, but for the laser intendity2
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v =6 state of the K" or (b) from the Franck-Condon superposition
of vibrational states of k', defined by Eqgs(26) and (27). Laser
intensity | =10 W/cm?, A=600 nm. (.....): H+p channel spec-
trum described byS,[pr(E),t;i], (___): total spectrum(both
channels

crossing mechanism between thegland 1o, potential sur-
faces(see Fig. 37]).

The high-energy broad peakg>3.8 eV, represent the
p+p+e~ Coulomb explosion channel, since in our calcula-

. . tion they originate from the external part of the wave func-
0.343 eV. Two factors may be responsible for the fact that Nion o(p,R,t;) (see Figs. 8 and)9in which the solid lines

our simulat_ioq two peak§ are seen, instead of one expected &le much higher than dotted linéke latter representing the
0.542 eV.:(i) first, a rapid rise, in five cycles, can populate H+p channel. At laser intensityl = 10" W/cn? we see a

thg neighboring) =5 state(or, in ther words the peak is broad peak aE=3.8 eV. If the Coulomb explosion ocurred
shifted by the fact that our pulse is spectrally very bipad with an initial kinetic energy equal to zero, then we can

and (ii) the downward Stark shift of f[h_e level=6 occurs. .,n01de that the Coulomb explosion should be initiated at
Further weak side peaks are also visible and correspond 9_» _~ 1544 in order to release the Coulomb energy
excitation of other neighboring levels. Similarly, the sec- ¢ :é 8 e.\/.’(according to the relationE

ond low-energy peak seen in Fig(bJ originates from a net :%"7“'.02”‘{’6\/"? whereR. is in a.u), which is in agrceoéﬁwnébnt
two-photon ATD absorption from low vibrational states: us- with Fig. 3 ir?’vvhich thrtcae peaks a’re seen at5.6. 6.8 and 7.6

Tgé‘ :125’(‘)”‘”3;);(7)2{1(3’\? rrzés%ré?:t?vbetﬁ/lniv::eerepaesarhre)ossil:ﬁrllztgﬁ'u' If, in addition, one takes into account the fact thaRat
VO ’ ' AN . =R, the dissociatingH + p have an initial nonzero kinetic
(which used theH, v =0 state, as initial input for the vibra- © : lating +p hav it z et

) . X _ energy{varying between 0.2 and 0.8 eV; see the first peak in
j'f”"?" wave fu_r;ctloﬂlylelds ? ?roagthpe?k "E_ll'% eVO'I th Fig. 7(@], one can easily understand the appearance of a

gain, a consideraple spectral wi of our pulse an road peak centered at 3.8 eV: the explosions from the three
Stark shifts are the main reason of the observed discrepangyp g, peaks seen in Fig. 1 will merge into one broad struc-
between the position of expected and seen peaks, i.e., t '

: re.
presence of photons having frequency only 5% less than the At higher intensities, Fig. 3 shows a considerable shift of
carrier frequency can shift the peak by 0.2 eV or more, ancb '

: ! REI peaks toward lower values Bf in agreement with the
thus explain the obsejrved sh_n‘ts. These _Iow-energy '.A‘TD hift of the Coulomb explosion peak resulting from our cal-
peaks are thus consistent with a laser-induced avoide

ulations, seen in Fig. 7, which is now centered Et
=4.8 eV and is broader than at the lower intensity. It extends
up to 8 eV, which agrees well with the lower limit of the
CREI peak in Fig. 3, which is sharply cut at 3.5 a.u. Sum-
marizing, the broad peaks in tipet p channel seen in Fig. 3
agree well with the expectations for the CREI peaks based
288 263 239 216 194 1.73 152 1.33 on the model with frozen nucl¢il5-17. We conclude that
the position of this broad peak moves to higher energies

TABLE II. Dissociation energie®, (in eV) from vibrational
levelsv, .

v 0 1 2 3 4 5 6 7

D

v




1184 S. CHELKOWSKI, C. FOISY, AND A. D. BANDRAUK 57

T

T T T
10° B “%a - i A=600 nm
i 107 H H," 1=10"* W/em® 7

10U R=ma;=29 a.u. |
P

10:: Y | l §
| (1]
. 107} i i
4 1078 | .M IM i IJU LJHMM 1
5 20 25 30 35

0 5 10 1 40

PROBABILITY

PROBABILITY
%)

1=10" W/cm?

F o Yl S T T Y O T R
0 2 4 6 8 10121416182022242

Il .
25 30 electron energy (units of hw)

electron energy (units of hw)
FIG. 11. ATI photoelectron kinetic-energy spectrgim units of

o o photon energyfrom H," frozen atR=ma, for | =10" W/cn?;
FIG. 10. ATI photoelectron kinetic-energy spectr@imunits of ) — 500 nm.

photon energyfrom H,* complete non-Born-Oppenheimer calcu-
lations (___), compared with spectra of the nuclei frozenRat
=R,=7.6 a.u(AAA) and with spectra of a 1D H atofilCIC]), at Znax= (2n+ 1) 7(vol/w+ ap), (31
laser intensityl = 10 W/cn?; A =600 nm. The simulation was ini-
tialized from thev =6 state of H*. All spectra are normalized: the whereuv, is the electron’s initial velocity. We have calcu-
area under each curve is equal to the ionization probat#flity lated the ATI spectra generated byHrozen at variouR’s,

and verified that indeed a very long tail appears in the ATI
when one increases the laser intensity, in accordance witBpectra, extending much farther than the spectrum from the
recent experimental result®r a A =800 nm laserreported H atom, forR values exceeding,. We display in Fig. 11
in Ref.[30]. This corresponds to small&; values(Fig. 2.  the ATI spectrum generated by,H frozen at R=maq
We would like to emphasize how useful the wave function=29 a.u., since at this distance a particularly long tail in the
splitting technique is for calculating proton spectra in thespectrum is expected from formu(@1). Indeed, a clear pla-
p+p channel. This is clearly seen in Figs. 8 and 9 by com-
paring dotted lines with solid lines. In fact the dotted lines
represent a calculation with the absorbing boundanieth
the absorption occuring in the interval 362 &lg] ,
<512 a.u), whereas the solid lines describe the total spectr: l 1=10" W/cm?
calculated using the wave-function splitting technique. The
total spectrum is, in the high-energy part, over one order o
magnitude higher than the spectrum obtained from the inter
nal box (i.e., using absorbing boundarjes

0.15 T '(q')

©
o

PROBABILITY

0.05

V. ELECTRON KINETIC-ENERGY SPECTRA

The ATI spectra presented in this section were obtaines 0.00
by integrating over the nuclear distanBethe formula(21),
in which the external box functiog(p,R,t;), obtained from
the complete, non-Born-Oppenheimer calculation was use( 0.000010
The normalizedi.e., the area under the spectrum curve is the
ionization probabilityP,) ATI spectra are shown in Fig. 10
(1=10* W/cn?). Our exact non-Born-Oppenheimer results
(solid lineg are compared with the ATI spectra originating
from the 1D H atom(dJOO) and from H* frozen atR
=R, (AAA). One notes a considerable enhancement of th:
spectrum around 3, and enhancement at very large ener- 0.000002
gies, up to 18, for the lower laser intensity. A frozen nuclei
calculation also shows such enhancement at particular larg 0000000 e 1o 18 16 20 v 2 23 24
distanceq33 a.u. or morg11]), which are close to integer
multiples of the classical ponderomotive radius. Classical
trajectory calculations show that an electron reaches its
maximal kinetic energy at distanceg,, given in Refs[31, FIG. 12. (a The low-energy part of ATl spectra from Fig. 10.
32], (b) The high-energy part of ATI spectra from Fig. 10.

0.000012

0.000008

0.000006

0.000004

PROBABILITY

electron energy (units of Pow)
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teau appears in the spectrum extending up td 15Com-  uses asymptotic matching, enables us to calculate the com-
paring Figs. 10 and 11 indicates that most of the ATl is dueplete proton and electron kinetic-energy spectra, and thus
to CREI atR.=7 a.u. Also in Fig. 12, we display the low- constitutes a complete non-Born-Oppenheimer treatment of
(<3U,) and high-energy ¥ 10U ) parts of the ATl spec- molecular dissociative ionization in an intense laser field.
trum in order to emphasize the details of the spectrum. One We find that in general the non-Born-Oppenheimer ATI
observes that there are more peaks in the molecular spectrupeaks are split in two, and are accompanied by additional
than in the atomicor in the frozen molecu)eATI spectra. peaks which cannot be correlated with vibrational structure.
In the low-energy region, less that3 (Fig. 3), one expects
the electron to recollide with the molecule after half a cycle,
) ) _ .. whereas, inthe 10, region(Fig. 4), the electron accelerates
We have shown in the present work that dissociative ionynwards during half a cyclg32]. Only the 1@, region
ization of the molecular ions contains much new informationgeems to have regular structures. Secondary strong peaks ap-
about electron-nuclear dynamics. Thus from our full non-pear petween the main ATI peaks. Since the initial state is an
Born-Oppenheimer TDSE offl we have been able _to cal- equally split wave packet (d,) separated bR, one expects
culate ATD, Coulomb explosion, and accompanying ATljnterferences to occur from these two sources, as opposed to
probabilities. The calculated-low energy ATI proton spectrasingle atoms, where the initial state is a single source. We

agree with a dressed-state interpretation of laser-inducegaye termed such interference, laser induced electron diffrac-
avoided crossings between two essential electronic potentiajgn [33].

at high intensities. The high-energy proton spectra agree with
theoretical predictions from Coulomb explosions of protons
at the CREI critical internuclear distan€®.. ATI electron
kinetic-energy spectra show high-energy parts up to 15 The financial support from the Natural Sciences and the
related to inelastic collisions of ionizing electrons with Cou- Engineering Research Council of Canada is gratefully ac-
lomb exploding protons at large distances. The present wavdnowledged. All calculations were performed oniam-sp2
splitting technique, which removes absorbing boundaries andt the Centre d’Application de Calcul Parale{ffeACPUS.

VI. CONCLUDING REMARKS
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