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Nuclear correlation in ionization and harmonic generation of H,* in short intense laser pulses
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The dynamics of B in short intense laser pulses with wavelengths of 532 nm and 800 nm is considered in
two approaches, including and not including the motional degree of freedom of the two nuclei. In the situation
with moving nuclei, referred to as the non-Born-Oppenheimer approach, the ionization is substantially in-
creased with respect to the case with no motional degree of freedom of the nuclei, and consequently the nuclear
separation also increases with rising laser intensity. This separation is accompanied by complex relative
accelerations of the nuclei due to a strongly varying mutual shielding via the laser-driven electron. In the
harmonic spectrum the irregularity of the electronic dynamics induced by the nuclear motion leads to a
broadening of the harmonic peaks. In particular, the correlated nuclear motion is shown to lead to an earlier
onset of the harmonic cutoff than for fixed nuclei, but also to a wider cutoff regime with significantly higher

harmonics.
DOI: 10.1103/PhysReVvA.65.013402 PACS nuntber42.50.Vk, 33.80.Rv
. INTRODUCTION of the electron and nuclear dynamics of Hin short intense

laser pulses. Particular emphasis is placed on the tunneling

While the laser-atom interaction with one single activedynamics, with aspects investigated such as ionization, dis-
electron is now understood in quite some defdil], in-  sociation, and high-harmonic generation. We show that the
creased interest has recently been devoted toward more colroadening of the return times in the recollisions with the
plex systems like multielectron atoni8] and molecules moving ions leads to an earlier onset of the cutoff regime as
[4—-13 in intense laser fields. Since the nuclei and electrongompared to the BO approach, but to a much wider regime
in the molecular system respond to the laser field on differenfyith substantially higher harmonics. This is investigated in
time scales, the research into molecules in an intense lasgetail as a function of the applied laser frequency and inten-
pulse has mostly been limited to rather simple moleculakity. This broadening also reduces the periodicity of the
systems, such as f1 and H, [4—6]. However, it is also recollisions and thus increases the broadening of the spectral
precisely these two time scales of the response of the mgeaks.
lecular system to the laser field that exhibit abundant dy- The paper is organized as follows. We begin by discussing
namical behavior, such as above-threshold dissocid8&n in the first section the collinear model of,Hin intense laser
dissociation through bond softeniii], Coulomb explosion fields. Then we introduce the two approaches to be com-
[10], high-order harmonic generatighl,12], two-color pho-  pared, including and not including the motion of the nuclei.
todissociation[13], and charge-resonance-enhanced ionizafor both appraoches we introduce the Hamiltonians govern-
tion [14]. . _ . . ing the dynamics of K" to be studied for various intensities

The exact simulatation of the dynamical behavior of mol-ang wavelengths of short laser pulses. Through numerical
ecules in intense laser fields via the time-dependent Schrao|ytion of the TDSE, we investigate the time evolutions of
dinger equation(TDSE) is rather demanding even with up- {he probabilities of ionization and dissociation, the spectra of
to-date computing facilities. Therefore many theoreticalhigh_order harmonic generation, and the nuclear accelera-
researchers have adopted the Born-Oppenhel®&) ap-  tions, as well as the time-dependent average nuclear separa-
proximation to separate the electronic and nuclear degrees g, Finally, in the main section we present and discuss the

freedom in describing the dynamical processes of a moleculgssyts from the two approaches before concluding.
in intense laser pulses. In the BO approach the electrons

respond essentially instantaneously to the external field on

the.time scale of b_oth the nuclear motion and the optical Il. COLLINEAR MODEL OF H ,*

period of the laser field. However, when the laser pulse be-

comes short and intense, the BO approximation may become In intense linearly polarized laser fields, the major part of

invalid. In high-intensity laser fields the potential structure ofthe laser energy is transferred into the electron motion along

the molecular system is greatly modified by the applied lasethe polarization direction of the laser field. Thus most infor-

field and substantially different from the situation when themation about the dynamical behavior of the electron in the

BO approximation is applicable. Thus in such cases theréaser field is contained in the electron motion along the po-

may be a mixing of the nuclear and electron dynamics inlarization direction of the laser field. In addition, the molecu-

molecules, imposing a simultaneous description of both dylar axis rapidly aligns along the polarization direction in an

namics[4,11,13. intense linear polarized laser field. Thus we here restrict our-
In this article we consider this regime of mutual interplay selves to the one-dimensional collinear model gf H15],
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which was established on the basis of the two followingy (z,r t+ 6t)

assumptions(a) The axis of the molecule in the intense laser

field is aligned along the polarization direction of the laser Stf1 2 1 &P

field; (b) the motion of the electron in the molecule may be ~ =&XR175 |5 EJFﬂ P

restricted to one dimension along the direction of polariza-

tion of the laser field. These two assumptions have been

experimentally and theoretically confirmgtie]. The collin- X exp{

ear model allows us to reduce the spatial variables of H

down to two, the distance from the electron to the center of F{
X ex

ot
—|?V(z,r)

ot
—i=V(z,r)

exd —iH(z,1)6t]
mass of two nucleiz, and the distance between the nudiei, 2

;{&(1 (92+ 1 2 ]
expis|s—Sts——

2 2
A further significant advantage of this collinear model is that 212922 2uar
the wave function of B can be easily obtained by exactly XW(z,r,t)+0(st3). (6)
solving the TDSE numerically. In addition, the evolving

wave packet of B" can be displayed within a three- Tpe wave function at any moment in time W (z,r,t), can
dimensional3D) plot, which is very helpful in studying the pe nymerically solved by repeatedly applying the unitary op-
competition between ionization and dissociation in the mol-gator in the right hand side of E¢6) on the initial wave
ecule and in understanding the dynamical process Qf COLFunction‘lfo(z,r)=\If(z,r,t=0). In order to evaluate the ini-
lomb explosions. We note, however, that Chelkowskal 5| state, which is usually chosen to be the ground state of
[5] achieved a solution of the corresponding 3D model forihe molecular system, in the non-BO approach, we first
the first time in 1996, in particular to show the existence ofg, 4 ate the bound stat&s <0 (n=0,1,2,3...) byusing
charge-resonance-enhanced ionization. o the autocorrelation function of any trial function in the field-

In two-dimensional space, the field-free Hamiltonian of ree case, and then calculate the corresponding eigen wave
the collinear H™ molecule has the following simple fortm  ,nctions ®,(z,r) (n=0,1,2,3...), using the following

atomic unitg: formula:
1 1P 1 (T
M2 e VO ooz~ | “eEtwo e, @
tot JO
where
whereWV (z,r,t) is the wave function at timethat evolves in
1 1 the field-free case from a trial wave functiontatO. Ty, is
V(z,r) the total free-field evolution time, and/(t) is the Hanning

T Zrq, V(2— 052t q. (zt05)2tq.
2

is the Coulomb potential of 1D H . w is the reduced mass
of the two nuclei and we neglected terms weighted by the
small ratio of the electron mass to that of the nualgiand
dn are the softening parameters that are used to eliminate the |n order to avoid any reflections of the wave function
singularity of the one-dimensional Coulomb potential. Thisfrom the boundaries of the calculation area, we also use an
method of eliminating the singularity of the Coulomb poten- gpsorbing mask function to absorb the reflecting parts of the
tial has been frequently used in numerical calculations. In th@,ave function after evolving for a time stefi [19]. How-
dipole approximatior(17], the coupling between the mol- eyer, since the two nuclei of H cannot coincide, the wave
ecule and the laser field is written as function automatically tends to zero at the0 boundary.
H,(z,t) = ZE(t). 3) Thus no absprption is.introduced at the 0 boundary in the
case of moving nuclei.

window function given by

T ) (Ost=Tqy). (8
tot

{277'[
W(t)=1-co

The time-dependent Schiimger equation has the following

form: A. Case of moving nuclei
W (z,r,t) In the situation of moving nuclénon-Born-Oppenheimer
i p =[Ho(z,r)+H,(z,t)]¥(z,r,t). (4)  approximation the wave function is a two-variable function,

i.e., ¥(z,r,t) depends simultaneously on the electronic co-
Equation (4) can be numerically solved with the second- ordinatesz) and the nuclear coordinates)( which have the

order split-operator method.8]. The formal expression for Same footing in the wave function. So the wave function
the wave function at the timet st is W (z,r,t) includes dynamical information about the electrons

and the nuclei. We discuss them separately. In all of our

W(z,r,t+ot)=e Mo@N+HI@OIN g (7 ) (5) calculations, we choose the softening parameters tggbe
=1.0 andqg,=0.03. This choice renders the energies of the
which can be approximately expressed as ground states equal t60.778 a.u.
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1. Dynamics of the electrons

When considering the motion of the electrons and nuclei,

we define the total calculation regi&) which is two dimen-
sional and spanned ywith |z|<z,,.,.=(n/2)dz andr with

O=<r=ra=ndr. Heren, (n,) anddz (dr) are the number
of grid points and the spatial step sizes alongzlie) axes.

In this two-dimensional area we define the ionization region

S as

S ={z|Abs(z)>z+0.5}, 9)

where z;=32.0 a.u. and Abg) designates the absolute
value of z. The time-dependent probabilities of ionization
can be evaluated with the following formula:

Pi(t):J JS|\I’(z,r,t)|2dzdr. (10)

The expectation value of the dipole acceleration gf Hs

defined as

aV(z,r)
0z

(a(t)):—f L\If*(z,r,t) W(z,r,t)dzdr.

(11)

According to Eq.(11) we evaluate the spectrum of high-
order harmonicsA(w), by taking the modulus squared of
the Fourier transform of the dipole acceleration:

2

Ty .
A(w)Z‘fo (a(t)ye '“tdt| (12)

whereT is the full duration of the laser pulse.

70 100
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2. Dynamics of the nuclei

Concerning the relative dynamics of the nuclei, using the
wave functionW(z,r,t), we are able to obtain the expecta-
tion value for the nuclear separation at any time,

R(t)—JJsr|\1f(z,r,t)|2dzdr/JJ'S|\If(z,r,t)|2dzdr,

13

and to calculate the time-dependent dissociation probability

Po(t)= [ | 1wz pdzar 14
d

by integrating the probability density¥ (z,r,t)|? in the dis-
sociation regiorsy, which is defined as

Sa={r|rg<r<rmag, (15

where ry=9.5 a.u. In addition, we evaluate a time-
dependent relative acceleration of nuclei from the expecta-
tion value of the nuclear distance:

d?R(t)

—R(t)=
a0 =R(0=—3

(16)

Using this, we may obtain the spectrum with respect to
a,(1):

2

S(w)= fOTdﬁz(t)e*iwtdt (17)

FIG. 1. The ionization prob-
abilities of H," in fields of laser
pulses with a wavelength of 532
nm and intensities of(a) 2.5
x 10 Wien?, (b) 4.0x10™

W/cn?, (c) 7.5x 10" W/cn?, and
(d) 1.0x10'® Wicn? for two
cases: fixedthick line) and mov-

ing (thin line) nuclei. The disso-
ciation probabilities in the case of
moving nuclei are shown with a
dashed line. The initial state is as-
sumed to be the ground state in all
cases (1 cycle corresponds to
73.36 a.u. in timg
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We note that this spectrum may be seen only as a fre- E(t)=Eyf(t)sin(wt), (19

guency analysis of the relative motion of the nuclei but not
as the isolated radiation spectrum of the nuclei. For this wevhere
would require the small center of mass acceleration of the
ionic system via the electron, which is neglected in our treat-

. 7t
ment; see alsg20]. f()= sirfl ——| when 0st<Ty/3,

6Ty
B. Case of fixed nuclei 1 when Ty/3<t<Ty.

When the motional degree of freedom of the nuclei is not
included, the calculation region reduces to a one-dimensiondfere Tq=880 a.u=21.2 fs is the full duration of the laser
space. In order to compare the results here with those in thiéeld. Regarding other fixed parameters, we have employed
case of moving nuclei, we set the nuclear separation to béz=0.2, n,=1024,dr=0.04, n, =512, andst=0.053.
equal to the average distance between the nuclei in the We calculate the time-dependent ionization and dissocia-

(20

ground stated,) in the case of moving nuclei tion probabilities of H interacting with ultrashort laser
pulses with different intensities in two approaches and show
f J' (|do(zr)|2dzdr the calculated results in Fig. 1 and Fig. 2 for 532 nm and 800
rg= > =2.63 a.u., (18 0.5 -0.5 ¥
f f |Do(z,1)|2dzdr 0sf @ osf® |
S -~ 07 . -~ 0.7 RN
g Se=s] d NATAN
208 : i 308 Y .
and calculate in this way the energy of the corresponding‘? 09 “\l :",' “;"'-9 ‘g S,
ground state to be-0.781 a.u. The methods for calculating % ™ v 710 L
the time-dependent probabilities and the spectrum of high+ ! b > k}. ";’I
order harmonic generation are similar to those in the case o 1?2 12 vl
moving nuclei, except for the dissociation probability andthe ™52 3216132 3 2 a3 210133 4
direct radiation from the nuclei, which obviously do not exist z coordinate (a.u.) z coordinate (a.u.)

here. FIG. 3. The variation of the total potentid(z,r)—zE as a

function of the spatial coordinate The distance between the nuclei
IIl. RESULTS AND DISCUSSION is assumed to be=2.63 a.u. in(a) andr=3.63 a.u. in(b). The
corresponding intensities of the laser pulse bkreD (solid line),
Throughout the whole discussion we use the same lase@ke 4.0x 10 W/cn? (dotted ling, andl = 7.5x 10 W/cn? (dashed
pulse shape identified by an electric field of the form line..
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0.0 tem potential as formed by the combination of the Coulomb
0.1 potential and the laser field. The potential well confines the
— electron and may release it if it is too shallow. When the
5 -0.21 nuclear separation is small, the system potential well is very
N 03] deep and possesses quite high outer barriers, which can con-
o, fine the electron tightly. However, when the nuclear separa-
E -0.41 tion increases not only do the outer barriers of the molecular
2 .0.5 potential well rapidly decrease but also the inside barrier of
Yy the well increases, as shown in Fig. 3. As a consequence the
ig 06 potential well becomes shallower with increasing nuclear
0.7 separation and the ionization rate increases, as is properly
accounted for only by the theory with moving nuclei. In
'0'80 12 3 45678 9101112 addition we note from Fig. 4 that the eigenenergy of the

Nuclear separation ( a.u.) ground state rises with increasing internuclear distance when
r>rg4. This indicates also that H is ionized more strongly
FIG. 4. The variation of the eigenlevels of the first four eigen- due to the increase of the internuclear distance.
states with changing nuclear distan&g, E,, E,, andE, stand In Fig. 5@ and Fig. %b), we show, respectively, the av-
for the potential curves of the grOUnd and the first three eXCite(brage nuclear Separation as a function of time for the 532 mn
states, respectively. The softening parameters are chosendg be and 800 nm pulses with different peak intensities. It is easily
=1.0 andq,=0.03. noted and not surprising that the more intense the pulse in-
tensity, the faster the average relative nuclear velocity will be
nm pulses, respectively. Since the ionization in the case ofi.e., the slopes of the curves in Fig. 5 are greatéhe
fixed nuclei is almost vanishingts maximum is smaller than nuclear separation gradually increases with time before ion-
1073) at the intensity of 2.5 10" Wi/cn?, the fixed-nucleus ization occurs. Once the electron is ionized, due to the strong
ionization probabilitieqthick lines shown in Fig. & and repulsion between the two nuclei, the nuclear separation rap-
Fig. 2(@)] are enhanced by a factor of 100. We find from Fig.idly increases with time, i.e., a Coulomb explosion takes
1 and Fig. 2 that the onset of dissociation occurs abouplace. Since a high-intensity laser pulse ionizes the electron
6.5—7.0 fs later than that of ionization. The reason is that thearlier than a low-intensity pulse, the two nuclei begin to
nuclei are much heavier than the electrons and thus resporsgparate at smaller nuclear separations when high-intensity
to the external field very slowly. Since the 800 nm laser pulsgulses are used. We note that the results obtained in this
involves a greater pondermotive energy than the 532 nnfigure complement the results for a smaller laser intensity
pulse and thus leads to a more rapid ionization of the elecebtained via 3D calculations in Fig. 7 [53].
tron in H,", most parts of the wave function flow out in the  In Figs. 6—9, we present the spectra of high-order har-
ionizationdirection (z|—<) but not in thedissociationdi- ~ monic generation of K" interacting with 532 nm and 800
rection —). Thus for our molecular system, the ioniza- nm laser pulses with different intensities in both moving and
tion process is dominant when an intense ultrashort lasdixed nuclei approaches. The spectra calculated in both ap-
pulse is used, especially for the case with a longer waveproaches have a general form similar to those produced by
length. atoms in an intense laser field. Thus they have a rapid de-
Comparing the time-dependent ionization probabilitiescrease in intensity for the first few harmonics, a plateau with
calculated in the two approaches, we also find from comparharmonics at almost constant intensity, and a cutoff where
ing the pulses with the same intensity that the ionizatiorthe harmonics quickly decreag2l]. The more intense the
probability is significantly smaller in the case of fixed nuclei. laser pulse, the longer the plateau and consequently the
This phenomenon can be understood by considering the sykigher the corresponding cutoff frequency. The characteris-

16 16
/

(a) 532nm / (b) 800 nm
14 / 14 ’ \ I.’

25X 10" Wiem' : —— /7 . 25X 10" Wiem” : —— ;
124 40x 10" Wem® :— - - a 124 40x 10" Wiem® : - - - s .

7.5X 10" Wiem' - - - - - ,/ : 75X 10" Wem’ t-- - - - a FIG. 5. The time-dependent
104 10X 10" Wiem® : =-—-- /L 10{ 10X 10" Wiem® : ——-- s nuclear separation of H while

interacting with an ultrashort laser
pulse of shape given in Eq20)
and various intensities as indi-
cated in the figure. b is initially
assumed to be in the ground state.

Nuclear separation (a.u.)
Nuclear separation (a.u.)

“0 100 200 300 400 500 600 700 800 900 “0 100 200 300 400 500 600 700 800 900
Time (a.u.) Time (a.u.)
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tics are the same in the both approaches. However, thénd that when the nuclear separation is fixed the peak-
widths of the individual harmonic peaks in the spectra ofbroadening effect correspondingly decreases. A further rea-
H," are obviously increased with respect to atoms, espeson is that, with varying positions of the nuclei in the recol-
cially for the case of moving nuclei. This peak-broadeninglision processes, the periodicity of the recollisions is
effect is probably caused by both the adiabatic increase in theeduced. This increases the width of the harmonics for mov-
nuclear separation and the difference between the moleculéfg nuclei.

and atomic potentials. Unlike the centric Coulomb potential It is easily seen from Figs. 6—9 that there are further
of the atom, the Coulomb potential of,H is bicentric. We  striking differences in the envelopes of the harmonic spectra
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calculated in the cases of moving and fixed nuclei. In theclei, however, the low-order harmonics have no rapid de-
case of moving nuclei, the spectra have more intense lowerease in intensity with increasing order, but have almost the
order harmonicgcompared to the situation of fixed nudlei same intensities as the high-order harmonics in the plateau
which rapidly decrease in intensity with increasing ordere  [see Figs. & and d and 9c and d]. Some low-order har-
Figs. 6 and Y. When pulses with high intensity and long monics even disappear for the low-intensity pulsee Figs.
wavelength are used, the harmonic spectra show cutoff re8(a and B and 9a and B]. The differences in the cases of
gions with a long high-order tail but a less pronounced cutofimoving and fixed nuclei are greater for the 800 nm laser
frequency[see Figs. &) and 1d)]. In the case of fixed nu- pulse than for the situation with 532 nm. Thus we see clearly
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for a laser light wavelength of 800
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60 160 from Figs. 6—9 that substantially higher harmonics are pos-
g 55 ja)mofmovingnudei . §m g’) ¢ moving muclei | sible, with moving nuclei. From the data in Fig. 10 we can
: : case of moving nuciel . .
S 50| e caseoffixednuciei im o+ case of fixed mucle formulate the cutoff rule in the usual form as a function of
2 45 532 nm . g 800 nm . the ionization energy plus a multiple of the ponderomotive
g4 ° £ 100 energyU,=eE?/4mw?. We obtain in atomic units
; 35 g
= = 80 m
g 3 ¢ s ¢ wma=0.94+3.53J ,,
£ ° S 60 max P
3% S b .
A I A I A B R RN XN Wma=1.33+3.30J, (21)
Intensity ( 10" W/cm®) Intensity ( 10" W/cm®)

for a 532 nm pulse and
FIG. 10. The cutoff harmonic frequencies as a function of the

maximal driving laser intensity@) and (b) relate to the situations wm=1.06+ 3.2,
with laser wavelengths of 532 nm and 800 nm, respectively.

Ofa=1.42+3.11U, (22)
that the adiabatic nuclear motion of, Hsignificantly affects
the structure of the harmonic spectrum in the interaction ofor an 800 nm pulse. Thus we obtain for the ionization en-
(especially the long wavelength laser pulse with a high in- ergies 0.94 a.u(25.58 eVf and 1.33 a.u(36.19 eV for the
tensity cases of moving and fixed nuclei for a 532 nm laser pulse,
(~10" Wi/cn?) and a duration of about 20 fs. We add that and 1.06 a.u(28.84 eV} and 1.42 a.u(38.64 eV in the cases
the results obtained in Figs. 6—9 complement the results ol®f moving and fixed nuclei for an 800 nm laser pulse. Thus
tained via 3D calculations in Fig. 10 {5]. In that paper no H," has a higher ionization energy when exposed to an 800
appreciable signature of the motion of the nuclei was noticenm laser pulse than to a 532 nm laser pulse. We explain this
able in the harmonic spectra for smaller laser intensities thaphenomenon as follows. The nuclei in, Hrespond differ-
in our calculations. This can be understood because the mently to external fields with different wavelengths. Therefore
tion of the nuclei is enhanced with increasing laser intensitythe molecular potential that the electron senses is altered dif-
In addition, we find a somewhat smaller distance betweefferently for 532 nm and 800 nm laser pulses. Thus in the
the nuclei in the case of fixed nucleee Eq(18)]. molecular system the ionization energy is dependent on the

Using Figs. 6—9 we are now in a position to compare theyavelengthlor frequency of the external laser field. We note

cutoff frequenciesw! ., and i, arising from the calcula- that the cutoff energy may be extended far further for longer
tions with fixed and moving ions, respectively. This has beeraser pulses and for an initial excitation of the molecule in a
plotted in Fig. 10 where we see clearly that the onset and thawvo-step procesgl1].
maximum of the cutoff regime are at lower frequencies, but In Fig. 11 we consider the relative velocity and accelera-

25

)
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154
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51 FIG. 11. The relative velocity

R and the relative acceleratidR

0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900 of the two nuclei of H" in a laser
Time (a.u.) Time (a.u.) pulse of shape given in E420)
60 and intensity 4.&10* Wicn?
50 (d) and wavelength 532 nrf(a) and
4.0 (b)] and 800 nnj(c) and(d)]. The
3.0 initial states are given by the
2.0 ground state.
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0 5 10 15 20 25 30 35 40 0 10 20 30 40 50 60 70 80 90 shapes following Eq(20) are fur-
Harmonic order Harmonic order ther characterized by the wave-
lengths 532 nni(a) and (b)] and
= 1x10° o 1x10% 800 nm [(c) and (d)] and the
= o &. .. (d) maximal intensities of 2510
3 1x10° ‘S 1x10°
2 e’y g Wicn? [(@ and (c)] and 4.0
& 1xio] £ 1x10° X 10" Wien? [(b) and (d)]. H,*
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% % 1x10°
9
g 1x1073 g 1x10°
£ =
g 1x10™4 £ 0™
& 2
1x10™ ——T—— T @ 1x10*' 4 T T T T T
0 10 20 30 40 50 60 70 80 90 0 20 40 60 80 100 120
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tion between the nucleiR(t) and R(t). We note that al-

Harmonic order

eration of the nuclei is, not surprisingly, two to three orders

though the average distance between the nuclei increas€§ magnitude smaller than that of the electrons.

monotonically with time(see Fig. %, the relative accelera-
tion of the nuclei does not. The reason is that the laser-driven

electron[or the wave packet¥ (z,r,t)|?] surrounds the nu-

IV. CONCLUSION

From a dynamical investigation of 1 in short laser

clei and spreads outward. When the electron enters the argaises of various intensities and wavelengths with and with-
between the nuclei, however, the relative velocity of the nu-out the BO approximation we were able to find the follow-
clei decreases. In particular, when the electron moves to onigg. (a) The nuclear motion of K" in a field of intense

side of the nuclei, the relative velocity increases. Thus theultrashort laser pulses induces an enhanced ionization with a
relative acceleration of the nuclei changes periodically as ddependence of the ionization energy on the applied laser
the electrons in the field of the laser pulse. This is everwavelength.(b) A periodic shielding of the repulsion of the
clearer from Fig. 12, where the spectra of the relative accelhuclei by the electron is shown to yield highly nonlinear
erations of the nuclei for the 532 mn and 800 nm pulses wittaccelerations between the nucl&) In particular for long
peak intensities of 2810 W/cn? and 4.0< 10** W/cn? wavelengths, we find a broadening of the cutoff regime and a
are presented. High even multiples of the applied laser frebroadening of the harmonics themselves due to the nuclear
quency are visible. Furthermore, the asynchronization in acotion. This is associated with the increased deviation of the
celeration of the nuclei due to the electron leads to a split ofécollision times and energies with moving nuclei.

the spectral peaks in Fig. 12, especially for the laser pulse

with short wavelength532 nm) and with highest intensity
(4.0 10 Wicn?). We note that the radiatioA(w) and
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