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Strong-field ionization dynamics of a model B molecule
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We investigate the dynamics of a one-dimensiongintbdel molecule in strong laser fields by numerical
integration of the time-dependent Sctimger equation without the use of the Born—Oppenheimer approxima-
tion. lonization typically occurs at internuclear separations close to the ground-state equilibrium distance. This
is contrary to the case of H, which ionizes at larger internuclear distances where charge-resonance-enhanced
ionization is possible. Similar to the case of atoms, we find considerable nonsequential double ionization.
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[. INTRODUCTION double ionization exists and, if so, whether it is governed by
the same mechanism as found for atoms where rescattering
The dynamics of molecules under the influence of intens@ppears to be the essential procgz3-3(. Nonsequential
lasers displays a rich variety of interesting effects. We enionization of atoms has been studied extensively, but for
counter not only the typical strong-field effects known from molecules it hqs received attention only in thg last few years
atoms: above-threshold ionizatiph,2], harmonic generation [31-34. Experimentally, direct double ionization of;Hhas.
[3-5], and nonsequential double ionizatip®,7]. The addi- not been observeB5-37. As we show below, however, it

ional d f freed iated with th | ._does clearly appear in our model calculations. We show that
tional degrees of freedom associated with the nuclear motiof,sequential double ionization provides an alternative ex-

gjvg rise to other phenor_nena such as abovefthreshold diSSBranation of experimental resulf87] which have been as-
ciation[8,9], bond softening8,9], bond hardening10], and  criped to ionization of H from its vibrational ground state.
charge-resonance-enhanced ionizati®@REl) [11,12. In

spite of the steadily increasing computing capacities, an ex- Il. MODEL

act quantum-mechanlcal calculation fpr a molecule in a A direct numerical integration of the full time-dependent
strong laser field has not been achieved yet. HOweVelg yiwinger equation for the Hmolecule in 3D is still not
Chelkowskiet al. managed to numerically solve the Schro \yithin reach. In order to be able to investigate the correlated
dinger equation for i driven by a strong field, with the only - electron-nuclear dynamics of this system, we employ a sim-
restriction being that the molecular axis is aligned with thepjified model of the H molecule where the motion of all
laser polarization, but within a full treatment of the three-particles is restricted to one spatial dimension. For linearly
dimensional (3D) electronic motion[13]. All other ap-  polarized fields, this can be justified by the observation that
proaches used additional approximations such as the Bormhe dynamics of the charged particles predominantly follows
Oppenheimer (BO) approximation [14—16, reduced the applied laser fields. Reduced dimensionality was first
dimensionality for the electron§17—-19, or the single- proposed to describe the interaction of a hydrogen atom with
active-electron(SAE) approximation[20]. A detailed com- high-intensity laser pulse§38]. Since then, it has been
parison revealed pronounced differences between the Bshown that this model qualitatively reproduces all important
and non-BO strong-field dynamics ofjHn one dimension Strong-field effects such as multiphoton ionization, above-
[19]. threshold ionization, or high-harmonic generati@®—41.

In this paper, we calculate the exact strong-field dynamic&0reover, it has provided valuable information in the inves-
of a one-dimensional Hmolecule, without adopting the BO tigation of electron correlation effecf9,42,43, which are

o . responsible for the much-debated nonsequential double ion-
or SAE approximation. We are, thus, able to study the inter-_""" . : . .
play between vibrational motion and single or double ioniza—Izatlon yields of the He atoryi6,7]. Likewise, the idea of

. . . . +
tion. For a molecular system with more than one electronﬁgulcae d Aglgfr;ﬁgr:t‘g%swise aﬁ?ggglds;ztgf rzg‘ggﬁlélgs all
this is the first non-BO simulation of strong-field ionization. .~ =" ' .
It is an extension of our previous work ongharmonic generasallent features of strong-field molecular dynamics. In par-

. ticular, the typical interplay between the electronic and the
tion by H, and HD model molecule21] where non-BO 1 ,cjear motion is observed. Yet, due to the simplifications
effects have proven to be very important.

. ) ) involved, the numerical effort is moderate.

_ Using the BO approach, it was argug®] that H, exhib- In the following, we apply the idea of reduced dimension-
its CREI, i.e., the ionization probability is strongly enhancedgjity to the H, molecule. Since we will be concerned with
at internuclear distances much Ial’ger than the equilibrium}adiaﬁon sources in the regime where the d|p0|e approxima_
distance. However, only a non-BO calculation can clarify iftion holds true, the center-of-magsm) motion of the mol-
these distances are actually probed by the molecule aftescule can be separated off. Then, considering linearly polar-
starting out from the molecular ground state. A further moti-ized external fields, the most important coordinates are the
vation for our study is the question whether nonsequentiainternuclear separatioR and the electronic coordinatess
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and z, in the direction of the laser polarization axis, mea-represents the electronic part of the evolution operakgr,

sured with respect to the nuclgar c.m. In ter”!s of thege €%nd T, denote the nuclear and electronic kinetic-energy op-
ordinates, the model Hamiltonian rea@smploying atomic . - ) i
erators, respectively, and/ subsumes all interactions and

units throughout this papger ’ DUl ’
external potentials of the Hamiltonian, Ed). According to
Eq. (4), the electronic part described by the terms in curly

. 14 1 ) i :
H(t)=— M 7oz + R +Wed 2, —2,) bra_ckets, is propagatédtimes by a smaller time stept/N,
JR while the nuclear degrees of freedom are advanced only once
2 pr by the larger time incrememntt. Evidently, since the nuclei
+ E 5. 2 +Wel(zj,R)+ZE() |, (D) move much slower than the electroiis,may be applied less
=1 Me dz; frequently. An estimate for the upper limit &f can be ob-

) tained from considering the leading error terms introduced
whereM is the proton massue=2M/(2M +1) denotes the by the SPO method. Hardly surprising, for time-independent
electronic reduced mass, and nondiagonal mass-polarizati¢familtonians, one finds thal can be of ordefu,/ e With-
terms are neglected. The electron-electron repulsion and theyt introducing additional errors compared to the ordinary
electron-nuclear interaction are represented by soft-CoulomBp0o scheme. Of course, for an explicitly time-dependent

potentials, Hamiltonian such as in Eq1), one has to ensure thAt is
small enough to resolve the nuclear motions and f#iN

1 allows for a proper description of the electronic dynamics.

Wed 2, -25) = W 2 Typically, we found thatlN~ 25 leads to an accurate integra-

tion of the time-dependent Schilinger equation, including
non-BO processes. Employing this parameter, the numerical
_ 1 effort can be reduced by almost a factor of 2 compared to the
V(z—R2)2+€e J(z+R2)%+ € original SPO schemdSince even largeN reduce the com-
puting time only marginally, no attempt was made to further

W (z,R)=—

i.e., the Coulomb singularity is removed by introducing a®Ptimize this quantity. ,
smoothing parameter chosen equal to 1 unless stated oth- The presented scheme is implemented by representing the

erwise. The laser field is represented in the length-gaug@@ve functionW(R,z;,2,,t) on a three-dimensional grid.
form in Eq. (1) whereE(t) = Eyf(t)sin(wt) denotes the elec- The grid parameters are chosen such that the strong-field

tric field with peak amplitudeE,, envelope functionf(t), dynamics is properly represented on the grid. In particular,

and laser frequency. the grid spacings have to be small enough to resolve the
typical momenta involved, e.g., the maximum classical elec-
tronic momentumpﬂgizz Eo/w. Typically, we found that

lll. NUMERICAL CONSIDERATIONS grid spacing ofAg=0.1 a.u. andA,=0.4 a.u., a time step

Employing the model Hamiltoniaf), the numerical so- ©0f At/N=0.05 a.u., and total grid sizes ®,,,=19 a.u.
lution of the corresponding time-dependent Sciimger —and *zy,=40 a.u. provide sufficient convergence while
equation is obtained by means of the split-operd®PO leaving the computational effort manageable. We also men-
technique[44]. However, when applied to molecular sys- tion that outgoing flux is absorbed by means of a mask func-
tems, the usual SPO technique does not take any advantatien [45], so that spurious reflections from the grid bound-
of the different time scales that govern the electronic andiries are avoided.
nuclear dynamics, respectively. Therefore, the original SPO
scheme is slightly modified to allow for the use of different
time steps in the propagation of the nuclear and electronic IV. RESULTS AND DISCUSSION
degrees of freedom, respectively.

Explicitly, the time-evolution operator propagating the to-
tal wave function by one time stept is approximated by

Before the laser field is turned on, the molecule is as-
sumed to be in its ground state, which is obtained by propa-
gating the Schidinger equation in imaginary time. From the
At exact symmetric ground-state wave function, we found an
exp(— igAt)AN,eX;{ - ifn—){ngo(At/N)}N equilibrium separation ofR)=2.2 a.u. and the ground-state

2 energy isEy=—1.385 a.u. corresponding to a dissociation
At energy ofDy=0.0454 a.u.(1.24 e\j. For comparison we
xexp{ —iTn?), (4)  mention that the values for the real, Hinolecule are(R)
=1.4 a.u.Ep=-1.16 a.u., and>,=0.16 a.u.(4.48 e\j.
There is a considerable difference in the dissociation en-
where ergy between 1D and 3D. One might, therefore, expect that
At At the 1D molecule tends to dissociate more easily than the 3D
~ SP _ P (R .2 molecule. Below, however, we will see that already in the 1D
Ue O(At)._ex;< _|T97> exr(—|WAt)><exp( _|T97> case, the dynamics takes place near the ground-state geom-
(5)  etry and dissociation is negligible. Therefore, in this respect
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FIG. 2. Time evolution(in units of the laser cycler) of the
mean internuclear distané®)(t), Eq. (8), for the model H mol-
ecule in an=770-nm laser field of various peak intensitigs

FIG. 1. Time evolution(in units of the laser cycler) of the
norm Py(t), Eq. (6), for the model H molecule in ax=770-nm
laser field of various peak intensitiég.

0 be strongly dependent on the internuclear separatiéh

et, the decrease of the norm observed in Fig. 1 is perfectly
reproduced by a single decay rate. It seems that the radiation
field did not substantially alter the internuclear separation

in a laser field withA=770 nm for peak intensities of duri L :
3 4 4 uring the propagation time for the laser parameters consid-
7.5<10" W/en?, 1x10% W/cn?, and 2<10" Wicnt.  oroqhere To further investigate this point, we have calcu-

The envelope functiori(t) is chosen such that the field is lated the time-dependent expectation valu&of
linearly ramped from zero to the maximal field strength over
the first 10 optical cycles and kept constant for another 20
7. As mentioned above, the outgoing flux is absorbed by
means of a mask function. Thus, the total probability remain-
ing on the grid becomes time dependent:

we do not expect a large difference between the 1D and 3
dynamics.
We have first calculated the dynamics of the Holecule

f . deadZZR|\I,(RIZ]_!Zth)|2

(Ry(t)= —2= C®

dRdzdz|V(R,z;,2,,1)|?
grid

Po(t)::J dRdzdz|V(R,z;,2,,1)|% (6)

grid As shown in Fig. 2, the molecule initially stretches and then
; . : ; . o starts to oscillate. By increasing the intensity, the amplitude
This quantity is associated with the probability of finding aand the period of the oscillations are increased, too. How-

still intact molecule at time. For the chosen laser param- for the highest intensit idered h i
eters, Fig. 1 shows the evolution of the time-dependent norrf/€" evin or the highest Intensily considered nere, e,
=2x10"* W/cn?, no signature of dissociation is found in

P,(t). Once the laser intensity is strong enough, the mol- . . . .
o(V) y g d %he time evolution of R)(t). This leads to the conclusion
h

ecule starts to disintegrate. Hardly surprising, the deca t th lecul dominantly d due 1o ionizat
probability increases with the peak laser intensity. Further- at the molecule predominantly decays due to ionization.
urthermore, the results show that, in the range of laser pa-

more, after the laser pulse has been ramped to its maximum, . S .
i.e., aftert;=107, we find an exponential decrease of the rameters considered here, the ionization rates near the equi-

norm. Correspondingly, a decay rdfeis defined according librium geometry dominate the dynamics—in sharp contrast
to to the situation found for the A molecule[13]. We will see
below that single ionization via multiphoton absorption is the
primary mechanism, whilénonsequentialdouble ionization

is weaker. Hence, the results provide clear evidence for the
By fitting the numerical curves foP(t) to Eq. (7) in the  intermediate formation of H molecular ions—in agreement
constant-intensity interval, we obtain the decay rates given ijyith the experimental findingg8]. We mention in passing
Table I. that the simulation does not further follow the dynamics of

Employing the clamped-nuclei approximation, the ioniza-the produced Bl molecules, since the corresponding part of
tion rates of thgone-dimensionalH, molecule were found the wave function is absorbed by the mask function.

In the following, we study the intensity dependence of
single and double ionization for realistic laser pulses. We use
790-nm pulses with a sfrshaped envelope functiof(t).

The total duration of the pulses is chosen to be 28 optical

Po(t_tl):eir(titl), t?tl (7)

TABLE . lonization ratesl” for the model H molecule in an
=770 nm laser field.

—1
lo (Wen) Fes) cycles, corresponding to a full width at half maximum of 27
7.5x 10 8.6x 10* fs in intensity. When one of the electrons reaches the absorb-
1x 104 4.0x 1012 ing grid boundary we assume ionization. Now, the position
2% 104 8.3x 103 of the other electron distinguishes between single and double

ionization: For|z|<8 a.u. we assume single ionization, oth-
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yield at about the same intensity where single ionization
saturates. Consequently, if there is such a knee structure in
the present case, then it must be outside the intensity range
of Fig. 3. We note that the ratio double to single ionization is
much less dependent on the intensity than the ionization
probabilities themselves and varies around 0.2.

At this point, we mention that the calculated ionization
probabilities depend on the smoothing parametetHow-
ever, we have found that the ratio between double and single
ionization depends only slightly on For example, choosing
€= 1.44 (corresponding to a ground-state energy-df.174
w 1 a.u. which is very close to the 3D valuel.16 a.u). gives a

3x10°  5x10° 10" 2x10™ ratio of 0.21 at the intensity 810 W/cn? compared to
Intensity (W/cm®) 0.23 fore=1.
To gain further insight into the double-ionization mecha-

FIG. 3. Probabilities of S|ng|e ionizatio(‘square; and double n|sm' we ShOW |n F|gs (Q_e and aa_e Snapshots of the
ionization (circles vs laser intensity for the model,Hnolecule in two-electron configuration-space distribution
790-nm pulses. Triangles: Ratio of double to single ionization. Dia- ’

monds: lonization probability for the 1D Hmolecular ion.

10°

2

10

lonization probability

10

Fee(zl’ZZyt):f dRW(R,z;,25,)/ ©
erwise double ionization. We integrate the loss at the grid

boundaries over time to obtain the total probabilities forfor the intensity 2< 101 W/cr?. The snapshots are taken at

i ionizatio (V) (2) imi - . . . .
single and double ionizatio® '’ andP™. In a similar man-  ines close to midpulse and are separated by time intervals
ner, the dissociation probability can be calculated. HoweverOf 0.057, wherer is the duration of an optical cycle. On the

we find that dissociation into neutral fragments is always byscale shown in Fig. 4, the ground-state distribution resides in

orders of magnitude less likely than single or double ioniza-, very small region around the origin. The density located

tion. The toFaI propagation t'r.n.e is 32 optical (':y(':les,'l.e.., thealong the axes corresponds to single ionization because there
pulse duration plus four additional cycles. Within this time,

. . . one electron is close to the nuclei while the other is far away
practically all parts of the wave function corresponding to

e . ~ “~from the nuclei. The density in the region where both elec-
lonization reach the grid boundary so that the prObab'“t'.estron coordinates have large absolute values corresponds to

for single and double ionization are converged. The grid sizgy, e ionization. The pictures are very similar to those ob-
along the electronic coordinates is always larger than fOU{ained previously for the 1D helium model atdisee, e.g

tlmes/ t2he hplasswal ﬁlectronl_gl OSC'"a“O”. amplitude Ref.[46]): In the double-ionization process, either both elec-
=Eo/w®. This means that possible rescattering processes aff,ns emerge on opposite sides in patterns parallel to the axes

fuIIy'incIuded. h h inal le-ionizati (second and fourth quadransee Fig. 4, or they are ejected
_Figure 3 shows the single- and da()Ub e-lonizationip, the form of jets on the same side of the nudfiist and
yield in the intensity range from 810" W/cn? to

4 ; ) third quadrant see Fig. 5. This indicates that double ioniza-
2x 10" W/cn?. Also shown is the ratio between double and

: L Y = tion of H, proceeds in a similar manner as for He. The non-
single ionization and the ionization probability of the one- sequential ionization of atoms has been a much debated sub-

dimensional H molecular ion from its ground state. We jact. According to the current knowled24—30, it is most
observe that the ratio double to single ionization is typicallyjikely caused by rescattering, i.e., after initial single ioniza-
several orders of magnitude larger than the ionization probion, one electron transfers energy to the second electron in a
ability of H; . This indicates clearly that double ionization is recollision event.
nonsequential in the intensity range under investigation. |n the investigation of the double-ionization mechanism
Here, “nonsequential” means that the double-ionizationjn atoms, the measurement and calculation of correlated
probability cannot be obtained as the product of the H electron-momentum spectra has played an important role
single-ionization probability and thegHionization probabil- [26,29. We, therefore, proceed to study the electron-
ity. Note that due to the absorbing boundary, our simulatiormomentum distributions in the Hnodel molecule. Since it
does not include the process that ag Iholecular ion— would be very demanding to calculate the final double-
created by ionization of l—expands towards larger internu- ionization spectra, we restrict ourselves to snapshots of the
clear distances where enhanced ionization is possiblenomentum distribution, taken during the time evolution un-
Rather, the strong double-ionization signal must stem fronder the influence of the laser pulse. These snapshots give us
an almost simultaneous ejection of both electrons, see beloimformation about the final momentum spectrum if we keep
for more detail. in mind that a ponderomotive momentum shift has to be
At the highest intensity, the single-ionization probability added to momentum values obtained from snapshots. The
is 56%, i.e., the onset of saturation in the single—ionizatiorponderomotive shift depends on the phase of the oscillating
curve will be just above 210 W/cn?. In experiments on electric field at the time when the snapshot is tak&h-24:
atoms[6,7] and molecule$31-33, a “knee structure” oc- If the field is at a local maximum or minimum, the pondero-
curs in the intensity dependence of the double-ionizatiormotive shift is zero; if the field is zero, the momentum of
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FIG. 4. Left: Snapshots of the two-electron density FIG. 5. Left: Snapshots of the two-electron density
Iedz1,25,1), EQ. (9), for 1D H, in a 790-nm laser pulse with in- T'.{z;,2,,t), Eq. (9), for 1D H, in a 790-nm laser pulse with in-
tensity 2< 10" W/cn?, taken at the timega) t=13.55r, (b) t  tensity 2<10'* W/cn?, taken at the timega) t=13.8r, (b) t
=13.6r, (c) t=13.65r, (d) t=13.7r, and (e) t=13.75r. Right: =13.85r, (c) t=13.9r, (d) t=13.95r, and(e) t=147. Right: Snap-
Snapshots of the two-electron momentum distribution for the doushots of the two-electron momentum distribution for the doubly
bly ionized part of the wave function, taken at the same times. Aonized part of the wave function, taken at the same times. Same
logarithmic gray scale is employed. gray scale as in Fig. 4.

each electron is shifted by E,/w, corresponding to the the final momentum distribution for this process.
acceleration within a quarter optical cycle. In almost all double ionization of Fig. 5, the electrons are
Figs. 4f-j) and 5f-j) show momentum-distribution initially ejected with momenta pointing in the same direc-
snapshots of the outer spatial regions that we defingfly  tion. However, the momenta will suffer an additional shift
|z,/>8 a.u.. We find that the double ionization in Fig. 4 between zero and-E,/w per electron, where the value
evolves to a stagépanels(e), (j)] where one electron is —Eg/w=-—1.3 a.u. is for electrons ejectedtat 14 7 (zero
almost at rest, but nevertheless with a tendency that bothlectric field. Therefore, the final distribution will partly
electrons move into the same direction. This configuratiorcontain electrons moving in opposite directions.
will effectively receive no additional ponderomotive momen-  The ionization of molecules, especially molecular ions,
tum shift during the remainder of the pulse since the electrican be greatly enhanced at internuclear distances larger than
field is at a local minimum in Figs.(4) and 4j). This means the equilibrium distanc€11,12. This phenomenon has been
that the momentum distribution in Fig(j#can be viewed as termed CREI and can be visualized in the following way:
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i.e., we calculate the differential probabiliyPY)/dR, see
0.002 y Fig. 6. The distribution turns out to be almost independent of
— the laser intensity(This is also true for intensities not shown
0.000 | in Fig. 6) It is a single peak with its maximum &R
% B 7 =2.5 a.u. The peak is located only slightly above the equi-
= 002 | 4 librium distanceR,=2.2 a.u. For comparison, the nuclear
o density in the unperturbed ground state is shown in payel
© 0.00 [ For double ionization, th&-dependent yield is given in
04 | ] Fig. 7. These distributions extend to somewhat lafgeand
i the maxima are located at slightly increased valueR a
0.0 & compared to single ionization.
1 6 For the highest intensity we have plotted snapshots of the

R (a.u.)

FIG. 6. R-dependent differential single-ionization probability for
1D H, in 790-nm pulses with intensitiega) 6x 10" W/cn?,
(b) 1x10" Wicnm?, (c) 2x10" Wicn? (solid curves. The

dot-dashed curve in panéd) is the ground-state nuclear density in | . ) . . .
arb. units. in Fig. 8. For each internuclear separatiBnthis quantity

gives the electron density as a functionzfThe snapshots

two-body density

rne(R,z,t):zf dz'|¥(R,z,2',t)|? (10)

The valence electrons move in a double-well potential cre-
ated by the nuclei. In a laser pulse, the potential is periodi-
cally distorted by the electric field and an electron can tem- "3\

porarily get trapped in the upper welll2]. For certain o - v
internuclear distances, the internal potential barrier between ~ "" ii '
the two wells is low and narrow so that tunneling of an X o S ;
electron through the barrier is very effective, leading to a T
large ionization rate.

Calculations with fixed internuclear distanRehave been ~ <+
performed for one-dimensional ,H [14] and three- 3 "
dimensional H [22], showing a strong enhancement of ion- < _' Ty j
ization at internuclear separations typically in the range from ¥ ~BE

R=3 a.u. toR=10 a.u. Whether the molecule actually
probes such large separations has remained an open question. o N B
In fact, it has usually been assumed that multiphoton ioniza-
tion of H, occurs at the equilibrium geometry before the

molecule has the chance to expand towards larger internu-

¥ s
; . ) i SO N “
this question, we analyze the numerical single-ionization L

clear distances, s486,47], and references therein. To settle
probability P*) into contributions from different values & —— ——

R (a.u.)
3
|

T T T :; L
4x10™ | @) S ™I
= i
/\\ ] ¥ o *
% Ul ‘(bl)_‘ I ——
g 0.004 | - ~ <[ (e)
o O ! ! ] =3 B
© N o ™ . '
0.04 | If (c) ] B el ,‘.‘.‘.
0 i / ‘\\ : L . | . ! | 1
0 20

4 5 6 -40 -20
R (a.u.)

FIG. 7. R-dependent differential double-ionization probability FIG. 8. Snapshots of the two-body denslty(R,z), Eqg. (10),
for 1D H, in 790-nm pulses with intensities as in Fig. 6. The for the intensity 2<10* W/cn? taken at(a) t=13.6r, (b) t
dot-dashed curve in pan@) is the ground-state nuclear density in =13.77, (c) t=13.8r, (d) t=13.9r, and(e) t=147. A logarithmic
arb. units. gray scale is employed.

40
z (a.u.)
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‘ ‘ ‘ ‘ ‘ Furthermore, Ref[37] has reported on the measurement of

o510 L (@) j fragments with energies up to 8 eV. These large energies
were ascribed to the ionization of;Hfrom the vibrational
0 i | | | ; X
o ground state. In the light of the present results we propose an
o 5 (b) ; A
g~ X107 1 alternative explanation: High-energy protons are created by
o 0 ‘ ‘ ‘ ‘ double ionization of H at internuclear distances close to
'o T T 1 T ™ . .
A (©) (however, not exactly athe equilibrium distance. Coulomb
0.04 7y ] explosion from a distance of only 0.4 a.u. above the equilib-
o LA ‘ ‘ ‘ rium distance leads to 7.6-eV protons, which is compatible
2 4 6 8 10 12 14 with the results of Ref[37]. In our simulation, 0.4 a.u. is
R(a.u.) about the shift between the equilibrium distance and the

maximum of theR-dependent double-ionization yield, see
Fig. 7. We consider this process more likely than the one
proposed in Ref[37] since the ionization probability of H

at its equilibrium distance is very smdlee Ref[49] for a

3D calculation.

FIG. 9. R-dependent differential ionization probability for 1D
H5 in 790-nm pulses with intensities as in Fig(slid curves. The
dot-dashed curve in panéd) is the ground-state nuclear density of
1D Hj in arb. units.

are taken during a half cycle with negative electric field so
that we can trace the emission of an electron in positive
direction. Obviously, the electron is ejected at nuclear con- We have investigated the dynamics of a modelribl-
figurations close to the equilibrium position. It is also appar-ecule driven by strong laser fields without adopting the Born-
ent that there is only a small change fhduring the time  Oppenheimer approximation. It was found that for constant
between the ejection of an electron from the core region anthtensity the decay of the molecule can be described by a
its detection at the grid boundary. For example, in the rightsingle decay rate. The internuclear distance of the neutral
hand side of pandle), the lower end of the density distribu- molecule stays always close to the equilibrium distance. The
tion is always aiR~1.8 a.u., independently of the electron results indicate that single ionization at short internuclear
coordinatez. In addition, we find density at large®, see, distances is the main route of decay. Double ionization is
e.g., in Fig. 8b) aroundz=15 a.u.. This is probability for an much stronger than expected in a sequential process, and the
electron that was ejected during an earlier half cycle and igatio of double to single ionization is essentially independent
now oscillating in the field. In this case, the nuclei have hadof the laser intensity. Snapshots of the time evolution indi-
time to separate from each other so that the density is foundate that the mechanism of double ionization is very similar
at slightly increasedr. to atomic double ionization. Our calculation does, however,
The ionization of 1D H from its ground state is very not include the process that an intermediate ¢kpands to-
different, see Fig. 9 for a direct comparison. The moleculaiards large internuclear distancBswhere it is easily ion-
ion is ionized at distances much larger than the equilibriumized completely. The single and double ionization found in
distance 2.66 a.u. Except for the highest intensity, the probeur calculations always occur at smRlI This means that the
ability distributions have several maxima. For all intensities,neutral molecule does not reach the range of charge-
the distributions are located betwed®=4 a.u. andR  resonance-enhanced ionization where the ionization prob-
=10 a.u. This is the range where the critical distances foability would be much larger. This is contrary to the behavior
enhanced ionization are expected. This means thatjin H of H; which suffers practically no ionization at the equilib-
the ionization probability at the ground-state geometry is saium distance even if the evolution starts from the total
small that the molecule first expands to distances of enground state. Double ionization of,Hat small internuclear
hanced ionization. distances is possibly responsible for high-energy protons ob-
Double ionization of H near the equilibrium distance ini- served in Coulomb-explosion experiments.
tiates Coulomb explosion and, thus, produces fast protons.

V. CONCLUSION

Fpr example, Coulomb gxplosion from the 3D gquilibrium ACKNOWLEDGMENTS
distance 1.4 a.u. would give protons with a kinetic energy of
9.7 eV. We note that in most experiments op, Kuch large We are thankful for the support by the Deutsche Fors-
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