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Using a high-resolution setup, we investigate the fragmentation, @frid D, in intense 790 nm laser pulses
with pulse widths of 28 fs and 80 fs. The measured ED*) kinetic energies resulting from effective
two-photon dissociation of 5 (D,™) show a clear dependence on the pulse width and on the isotope.
One-dimensional calculations reproduce these effects and show that they mainly originate frar (s H
dissociation dynamics. Further, we find that the initial ionic state before dissociation is not simply given as a
Franck-Condon distribution over unperturbed ionic states. Rather it is a complex mixture of initial wave
packets(covering, however, a small energy rapgeeated by multiphoton ionization of,Hand D, at various
times during the action of the pulse.

PACS numbd(s): 33.80.Rv, 42.50.Hz

I. INTRODUCTION ences the final kinetic-energy distribution of the dissociation
. i . . . __products.
Since the first experimental discovery of bond softening We compare the experimental results with one-

and effective two-photon dissociation ofH m_mte_nse ul- dimensional simulations of the fragmentation in ultrashort
trashort laser pulsefl,2], several recent publications have jnense [ight pulses. The calculations confirm that, under the

tried to investigate and interpret the detailed shape of thgjyen conditions, the time evolution during dissociation de-
proton kinetic-energy distribution emerging from these dis-pends on the isotope and on the pulse duration, which quali-
sociation process¢8—6]. Unperturbed ionic vibrational lev- tatively explains the experimentally observed results. For a
els where dissociation starts have been deduced from thgll understanding, it turns out that the preparation of the
proton kinetic-energy distributiopl-5]. Gibsonet al. and initial ionic state must be studied in detail. In particular, we
Walsh et al. [3,4] tried to interpret the shape of the bond- find that the major contribution to two-photon fragmentation
softening and effective two-photon dissociation lines by asis not necessarily from molecular ions created by MPI at
suming that they are determined by an initial Franck-Condommid-pulse, but rather from ions created on the leading or
(FC) distribution over unperturbed ionic vibrational statesfalling edge of the pulse.

formed in the multiphoton ionizatiotMPI) of the H, mol-

ecgle. The FC di;tri_bution see_med to fit e_xperimentgl results Il EXPERIMENTAL SETUP

quite well [4]. This interpretation of the line shape ignores

completely possible dynamical effects which may also influ- A supersonic beam setup combined with an electric-field-
ence the final proton kinetic-energy distribution. Also it doesfree ion time-of-flight spectrometer was used to investigate
not take into account that, at the light intensity where effecthe kinetic-energy distribution of ions formed by photodisso-
tive MPI of H, starts, the vibrational structure of the ion is ciation. It has an overall kinetic-energy resolution for
already strongly perturbed by the electric field of the lightH~ ions of AE/E=0.05 in the rangeE<10 eV, mainly
pulse. It was shown by Sukharev and Krainf¥] that determined by the geometry of the spectrometer. The main

Franck-Condon factors for Honization become dependent improvement in energy resolution can be attributed to the

on the external perturbation at experimentally relevant ”ghtsupersonlc molecular beam. Compared to the conventional

intensities. Numerical simulations and comparison with ex—methOd of using a thermal gakT=25 meV) as target in-
. . . stead of the supersonic beam, the resolution, e.g., for
periment revealed that the intensity dependence found for th

two ionic dissociation channels is a critical function of the

initial conditions assumeEB]. Lo . not taken into accoupt[8,9]. The molecular-beam setup

~ Inorder to reveal details of the ionic dissociation dynam-g|iminates the thermal velocity spread present in a bulk gas
ics we measure the kinetic-energy distribution of dlssomatlorgamme which mainly limited the resolution in previous ex-
products with high resolution and investigate its dependencserimems_

on the light pulse width. With the pulse width reaching the  Tyq different Ti:sapphire laser systems delivering ultra-
time scale for dissociation of the molecular hydrogen ion it isshort light pulses were used to excite the molecules. Both of
found that the shape and position of the effective two-photoRhem are based on a Kerr lens mode-locked oscillator fol-
dissociation line becomes dependent on the isotopic specigswed by chirped-pulse amplification stages. The center
(H, or Dy) used in the experiment. This indicates that thewavelength of the light pulses was at790 nm. Laser sys-
detailed dissociation dynamics and not only the initially pre-tem | delivered pulses amplified to pulse energies of up to
pared ionic “state” (by MPI of the neutral molecujeinflu- 600 wJ at 1 kHz repetition rate. The pulse width in this case

8+ ions is improved at least by a factor of Jimitations
due to the spectrometer setup in the case of a thermal gas are
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was 28 fs full width at half maximuntFWHM) of a Gauss-  x10°° mbar. In the focal spot, the particle density in the
ian pulse. The laser light beam was focused by a sphericaholecular beam was always kept low enough to eliminate
mirror with a focal length of 250 mm to excite the hydrogen space-charge effects on the kinetic-energy distribution of the
molecules. In this way, effects of material dispersion on thdons.
pulse characteristics in the focal spot were eliminated. The We used an electric-field-free technique to measure the
output of laser system Il consisted of pulses with a duratiorangle-resolved kinetic-energy distribution of*Hand D"
of 80 fs (FWHM of a Lorentzian pulseat a lower repetition ~fragment photoions emitted along the molecular-beam axis.
rate of 10 Hz. The pulse energy reached up to 4 mJ. A fusedhe acceptance angle of the flight tube wa2.3° with re-
silica lens with a focal length of 260 mm was used to focusspect to the spectrometer ak&. At small kinetic energy the
this laser beam on the molecular-beam target. acceptance angle becomes energy dependent; it rises with
The experimental setup consisted of a supersonic jei€creasing kinetic energy of the fragmef8§ The time of
source, a differentially pumped transport and collimation/ight of single ions was measured by a time to digital con-
stage for the beam, and an ultrahigh-vacuiiV/) cham- verter, which was capable of multiple stops and had a time
ber where the molecules were excited by the laser light. De
tails of the experimental setup can be found8h The mean
velocity of hydrogen and deuterium in the beam was 247
+150 and 1756100 m/s, respectively. The free jet expan-
sion cooled the translational degrees of freedom of the mol-
ecules. Estimated from measuremeh®, a speed ratio Figure 1 shows H and D" ion kinetic-energy distribu-
higher than~20 was reached. This corresponds to a velocitytions formed by ionization/dissociation of,Hand D,, re-
spread of 265 m/s (=45 m/s) for H (D,) along the spectively, at two different laser pulse widths. The peak
molecular-beam axis. The transverse spread is geometricallsitensity of the light pulses in the interaction volume of the
fixed by apertures placed in the collimation stage and is lesght beam with the molecules was kept fixed at 5
than~=+5 mi/sec. X 10" Wicn? for all spectra. The overall shapes of the
With the 10-Hz-repetition-rate laser system we used a&pectra are similar. The processes giving rise to the various
pulsed nozzle with an orifice 0.1 mm in diameter to form thepeaks in the spectra have been discussed in various previous
molecular beam. At a backing pressure~e8 bar, the gas publications[1-6,10,11. They are only briefly recapitulated
pulse width of this source was 150 us. With the 1 kHz  here.
laser we switched to a cw nozzle to limit the gas flow at the In the high-intensity light pulse $(D,) initially becomes
backing pressures necessary for reasonable cooling of thghotoionized near the equilibrium internuclear separation
molecules. The orifice of this nozzle was 10m in diam-  through a vertical Franck-Condon type of transition. Follow-
eter. To maintain approximately equal particle densities ifing ionization, the molecular ion starts dissociating
the interaction region we adapted the length of theg1-6,10,11 The dissociation can be visualized as taking
molecular-beam transport stage to the different gas flowplace on dressed potential curves in the Floquet pidtL2g
through the nozzles. In the Floguet one-photon channel, a single photon is effec-
The base pressure in the UHV vacuum chamber where thgvely absorbed during dissociatighond-softening dissocia-
focused laser beam excited the molecules was below fion [1]). It gives rise to products with a kinetic energy near

resolution of 1 ns. In all experiments, the direction of linear
polarization of the laser beam was set parallel to the spec-
drometer axis.

IIl. EXPERIMENTAL RESULTS AND DISCUSSION
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TABLE I. Position and width(FWHM) of the effective two-  took at light pulse widths of 80 fs and 28 fs reveal evident
photon dissociation line in Fig. 1. pulse-width and isotope effectsee Fig. L In Table | we
have summarized the position and width of the two-photon

Isotope o Position FWHM dissociation line. Three main features can be obser{&d:
H* 28 fs 0.47 eV 230 meV An isotopic shift of the peak positioffrom 0.47 eV to 0.57
D* 28 fs 0.57 eV 310 meV eV) for the short laser pulses. The isotopic shift is not visible
H* 80 fs 047 eV 160 meV in the experiment with 80 fs laser pulses. The position of the
D+ 80 fs 0.47 eV 140 mev  three lines in Figs. &), 1(b), and 1d) remains fixed(2) An

increase of the line width with decreasing pulse widi3).
The appearance of a shoulder on the low-energy side of the
170 meV. As can be seen in Fig. 1, a distinct line structurdine in the experiment with the shorter laser pulses (
corresponding to dissociation in the one-photon channel is=28 fs). The shoulder is more pronounced for the
observed only when the molecules are excited with the 80 f® kinetic-energy distributiorisee also Fig. 2 For the 80 fs
light pulses. The disappearance of the line structure for shopulses the two-photon dissociation line shows a sharp cutoff
laser pulses was also observed by Frasieskil.[13]. Inthe  on the low-energy side, which is most pronounced fgr D
Floquet two-photon channel, the molecular ion first absorbs To exclude the possibility that the light intensity has any
three photons at small internuclear separation and starts disffect on the two-photon line, we measured the intensity de-
sociation. At an increased internuclear separation it is stimupendence of the H (D") kinetic-energy distribution in the
lated by the light to emit one photdi0,4,3,5,8, thereby range from 5<10"* W/cn? to 2x 10'° W/cn? for both set-
undergoing an effective two-photon dissociation. Via thisups. A representative intensity dependence of thé D
channel, products with kinetic energy of about 0.5 eV arekinetic-energy distribution for 28 fs pulses is shown in Fig.
formed (see Fig. 1. The dissociating k' (D,") ions pass 2. The result for all the spectra is the same. The position and
through a range of internuclear separations where chargeidth of the effective two-photon dissociation line do not
resonant enhanced ionizatidREl) may happen in the change on varying the light intensity. In contrast, the Cou-
strong electric field of the light wavj@4—17. This gives rise  lomb explosion peak is shifted toward higher energies with
to a locally enhanced photoionization rate and initiates Couincreasing intensity. Also, the ratio of the area under the
lomb explosion of the then bare nuclei. This process is reCoulomb explosion peak to that under the effective two-
sponsible for the broad structures observed in the spectihoton dissociation peak increases. This high-intensity be-
between 1 eV and 4 eV. havior of the effective two-photon dissociation line was al-
The attention of this article mainly focuses on effective ready pointed out by Thompsat al. [5] and by Posthumus
two-photon dissociation. In all experiments up to now, noet al.[18]. These authors concluded that dissociation in this
marked dependence of the kinetic-energy release on the ligishannel is observed only from regions of the focused light
pulse duration and on the isotopic species in the two-photobeam where the intensity is betweenx 10" and 3
channel was observed to our knowledge. The independence10'* W/cn?.
of the isotope seemed to indicate that dissociation is mainly In the proton kinetic-energy distributions in Figgajland
determined by the electronic properties of the neutral mol-1(b) we have shown how the effective two-photon dissocia-
ecule and the ion. However, the experimental spectra weon line would look if an initial Franck-Condon distribution
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over unperturbed K vibrational levels in the electronic molecular ions is involved in effective two-photon dissocia-
ground state, created in the, WIPI step, alone determined tion.

the shape of the line. The connected dots represent the line

shape expected in this case. The Franck-Condon factors for IV. THEORETICAL MODEL

the different vibrational statgstarting withv =0 at the low-

est kinetic energyare given relative to the FC factor for It is currently not feasible to simulate the complete pro-

cess of multiphoton fragmentation of,tand D,. Hence we

=2, which was arbitrarily set to 1. It is immediately obvious S .
that the observed line is much narrower than the “FC Iine.”adOpt .tWO approxmauons th?‘ he_lve frequentl_y_ be.en.usgd n
numerical calculations. The first is that the initial ionization

In terms of unperturbed ionic vibrational states, the maxi-,

mum of the observed effective two-photon dissociation linelS considered a sudden process leading from the ground state

appears at a kinetic energy where one expects to find protorlg the mEJrlﬁcu'letto thel electronic gt].rour}d state of ;h? moIecq-
from two-photon dissociation of the ionic vibrational state ' '0n- N€ Internuciear separation 1S assumed 1o remain

_ : ; ; hanged during ionization. In this way we fix the initial
v=2 [see Figs. (@ and 1b)]. At 80 fs light pulse width, the unc . .
neighboring vibrational states seem to contribute only littleState for the subsequent dynamics of the molecular ion. The

to effective two-photon dissociation. Their contribution second approximation is that the entire process is treated in a

seems to increase with decreasing light pulse width. In thé!m.aar model, i.e., .nuclear and electronlq mptlon are re-
case of B, the maximum of the observed effective two- SF”Cted. to the axis .Of. the laser pol_a_rlzatlon. A one-
photon dissociation line appears at an energy where On(almensmnal(lD) description of the nuclei is reasonable be-

would expect deuterons from dissociation of the unperturbe&ause the dissociating molecular fons are forced to be aligned

p=3 vibrational state. There may be two reasons for thewith the polarization axi$20]. As far as the electronic de-

deviation of the experimental results from a FC distribution.9"¢€ of freedom is concerned, previous studies have shown

Either MPI of the neutral molecules at high light intensity that strong-field phenomena are qualitatively reproduced in

o . o linear modeld21,22.
cannot be visualized as a vertical FC transition between un A 1D model with fixed nuclei was used to study CREI of

perturbed electronic states, or dynamical effects during dis- o ! I
sociation determine the final kinetic-energy distribution ofthe |_Bl2 mo(l)eculehm' mter;sg: Iasderl flgtlrc][§3]. Forle ’ 3

the dissociation products. The simulations below will shedON-born-Lppenneimer model with one nuciear and one
light on this point. electronic degree of freedom was introduced by Kulander

- - : P t al. [24]. Recently, it has been used to study the dissocia-
Concerning the experimentally determined klnetlc—energf ;
distributions, the question remains: what influences the widtfjon In strong 150 fs pulsé$]. These are the models that we

of the effective two-photon dissociation line? The energyemploy in the present work. They involve smoothed poten-

resolution of the experimental setup is 25 meV at 500 me\}ials for the electron-electron and electron-nucleus interac-
tions (soft Coulomb potentia)s

kinetic energy where the two-photon dissociation line ap- The ionizati f D h t i
pears. It therefore contributes only little to the observed Iine—d he tlr?nlgatlon f[). H (.ch)thcarll. h:;lppeln aTﬂny Imey
width. Especially in the case of hydrogen a second non- uring the interaction wi € lght pulse. There 1S 8o

negligible contribution to the line width may originate in the F”OH treason totc?oos? a par(;muta\,r Th.e:_efo.ref, we li.se a
initial MPI step of the neutral molecule. The,H ion expe- wo-step computational procedure consistingipfonization

riences a recoil momentum from the leaving photoelectron?’f the molecule andii) dlsso'C|at|on of the mo!eculgr lon.
First, we calculate the time-dependent single-ionization

Since at the light intensities used in the experiment the mo- - ) ; .
mentum of the mechanical system fH,) is conserved probap|l|ty of K (Dz.).' Here, the mFernchear d|stancg IS
nearly exactly in the photoionization step, the momentum opeld fixed at the equilibrium separatidty in the electronic

the photoion is equal to the electron momentum but directe(?roun.d state. In the linear model, the Hamiltonian rej@#
in the opposite directiofiL9]. We detected dissociation prod- atomic units are used

ucts along the axis of polarization of the light beam. Along

this direction, photoelectrons are found with kinetic energies Ho = |
of up to about 5 eV. The photoelectrons and therefore also 0 K=1,2
the H,” and D,;* ions thus have momenta in the range be-

1 92 1

2 922 J(zx—Ryf2)?+1

tween —0.6 a.u. and+0.6 a.u. along this direction. This 1 1
momentum distribution contributes to the width of the two- - JZtRy2)%+ 1 + J(zi—2,)2+1
photon dissociation line since dissociation starts from a mov- ko 1o

ing molecular ion. Based on the photoelectron momentum +Eof(t)sin(wt)(z;+2,), 1)
distribution, one estimates for the'D*) linewidth that a

portion of up to 140 meM100 meV\} originates from the wherez,,z, are the electron coordinates relative to the center
recoil momentum of the molecular ion. This estimation indi- of the two nuclei,Eq is the peak amplitude of the electric
cates that at 80 fs pulse width the major part of the observetield, f(t) is an envelope function, anad is the laser fre-
linewidth stems from recoilsee Table)l. At the short pulse quency. The two-electron wave function is represented nu-
duration, the dissociation mechanism contributes signifiimerically on a two-dimensional grid with absorbing bound-
cantly to the observed linewidth. The fact that the peak isaries. The spatial step size is 0.32 a.u. and the size of the grid
considerably broadened by recoil in all cases supports this 164<164 a.u. We use the split-operator mettiad] with
statement made above that only a small band of states of tH&00 time steps per optical cycle to propagate the wave func-
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tion. The time evolution starts from the ground state, whichfor peak intensities as large ax30* W/cn? the fragmen-

is obtained by propagation in imaginary time. We define theaation of H, into H+H™ does not occur in the center of the
ionization probability as the probability for one electron to |aser focus, but only in the shell with intensities in the range
leave the grid, while the other remains within some region(1-3)x 10 Wi/cn¥ [5,18]. This is confirmed by our simu-
|z| <z,. We find that the ionization probability depends only |ations, where the two-photon peak is mainly produced at
slightly on z, if its value is chosen larger than about 5 a.u.intensities around 1610 W/cn?, and by the insensitivity
This is plausible since more than 99% of the electronicof the shape of the effective two-photon dissociation line to
ground state density is located withiri<4 a.u. In the cal- [ight intensity in the experimental speciifig. 2. We there-
culations we use,=7 a.u. The time-integrated ionization fore choose laser parameters Bf=0.0654 a.u. andw

probability increases in a stepwise fashion with one step pe£0.0577 a.u., corresponding to=1.5x 10'* W/cn? and
half optical cycle. It is therefore reasonable to extract they\ =790 nm.

ionization probability per half cycle. _ The grid for H,* (D,") is chosen large enough in the
After ionization att=t,, the dissociation dynamics of the nuclear coordinate to ensure that the nuclear wave packets do
1D molecular ion is governed by the Hamiltonig2¥] not reach the boundary within the propagation time. The fi-

1 2 1 2 1 1 nal wave function then consists of a bound portibg at R
_____ e ~2-4 a.u. and a fragmented portioh; at largeR. We
2ue 9z My dR® R \[(z—R/2)2+1 obtain ¥¢ by smoothly cutting off the inner paR<R,
=5 a.u. We note that the results are not sensitive to the
precise choice oR,. The nuclear-momentum distribution of

CJziRrR2 1 — 2Bl (Dsinet) @y, is obtained by integrating the squared modulus of its
, momentum-space representation over the electronic degree
with of freedom. Then the kinetic-energy spectrum of the frag-

ments follows by transformation of the momentum distribu-
he= o, K= ) (3)  tion to the energy scalgs]. The total kinetic-energy release
2my+1 2m,+1 is equally shared by the two fragments if we neglect ioniza-
) _ ) _ . tion recoil effects and energy transfer to the center-of-mass
Here,R is the internuclear distance,s the electron coordi- 1 5tion of the molecular ion. Thus, then kinetic energies

nate relative to the center of the nuclei, anglis the nuclear that we present in Sec. V are simply one-half of the total

2m, 2my+2

mass. As initial state of the molecular ion we use kinetic-energy release.
V(R t=t,) =" 2RV (2 ' 4 _ _At the edge of the grid we use absforb_ing boundary con-
( o) 0 (R)W(2) “@ ditions for the electron. Thus, information is lost about those

where 0} (°2(R) is the vibrational ground state of one- EgoS e e e O lorb ox.
dimensional H (D) (obtained as the square root of the yiasion is not present in the kinetic-energy spectrum that we
nuclear density that was taken from a 1D non-Bom-cgicylate from the final wave functiorfFor study of the

Oppenheimer calculationand Wg(z) is the electronic  coylomb explosion, a wave-function splitting technique can

ground state of one-dimensionab H(D, ") at fixed nuclear e ysed to propagate the ionized parts of the wave function
separatiorR (electronic Born-Oppenheimer wave function E6]')
a

With Eqg. (4) we assume that there is a sudden transition
t=ty from the total ground state of H(D,) into the elec-
tronic ground state of K" (D,") without changing the
nuclear wave function. We restrict ourselves to initial times We have performed calculations for both End D,, and
to when the electric field is zero to prevent unphysicalfor three different pulse durations,= 30, 50, and 80 fs. Let
switch-on effects. The size of the numerical grid is 77 a.uys first discuss the ionization of ,HD,), which does not
for the nuclear coordinate and up to 164 a.u. for the elecdepend on the isotope because we fix the nuclei at the equi-
tronic coordinate. The spatial step size is 0.075 a.u. for th@prium distanceR,=2.2 a.u. The single-ionization prob-
nuclear degree of freedom and 0.32 a.u. for the electronigbnity is shown in Fig. &) for 7,=80 fs, in Fig. 4b) for
degree of freedom. The propagation in time is done witth: 50 fs, and in Fig. B) for 7,=30 fs. At each timet
1024 split-operator steps per optical cycle. when the electric field is zero, a vertical bar indicates the
The envelope functiorfi(t) is taken to be a sfifunction.  jonization probability during the half cycle immediately be-
The width 7, of an experimental laser pulse is defined as thefore t. The most striking feature in these plots is that, for
FWHM of the time-dependent intensity curve. Under as-7,=80 fs and 7,=50 fs, ionization is most effective at
sumption of a Gaussian pulss, is related to the FWHMe  times before mid-pulsédenoted ag;). A second, smaller
of the electric field amplitude byg=27,. For any given maximum in the ionization is found on the falling edge of the
7, the duration of the sfpulse used in the calculation is pulse. In the case of a 30 fs pulse, the time-dependent ion-
taken such that the FWHM of its amplitude is also equal toization exhibits a similar shape, except that the first maxi-
\/frp. The total pulse duration is then equal \l@rp. mum is located at the middle of the pulse. These effects
In the present study, we are primarily interested in theseem to be related to stabilization phenomena that were
two-photon dissociation. It has been shown previously thafound (although for higher laser frequenciem previous

V. NUMERICAL RESULTS
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FIG. 3. Calculated fragmentation of,HD,) in an 80 fs pulse FIG. 4. Same as Fig. 3, but for a 50 fs pulse.

with a peak intensity of 1.810'* W/cn?. (a) Time-dependent la-
ser field. (b) Single-ionization probability per half optical cycle.
(c),(d) Kinetic-energy spectra of H(D™) for different ionization
times, weighted by the corresponding ionization probabilities.

responsible for the shoulder that is experimentally observed
on the low-energy side of the two-photon peak for short
pulses. We find that in all cases shown in Fig88 fs pulseé
simulations(see[25] and references therein, and a[26]). and Fig. 4(50 fs pulse, the final wave function has gerade
The comparatively large ionization rates on the leading angymmetry, which means that the fragmentation results from
falling edges of the pulse can be due to either nonadiabatian effective two-photon absorption. For the 30 fs pulse
projection onto continuum statggaused by the intensity width, on the other hand, the low-energy maxima belonging
change, or “adiabatic stabilization” making the molecule to ts in Fig. 5c) andt,,ts in Fig. 5d) are mainly due to
more stable against ionization at larger intensitieslepen-  one-photon absorption. Apparently, the low-energy shoulder

dent of the pulse shape is in general formed by a mixture of one-photon and two-
For various times of ionization(denoted ast,, n photon fragments.
=1,...,5, inFigs. 3-9, we have calculated the kinetic- At this point, we remind the reader that one-photon dis-

energy spectra of the ions™H(D™). Panels(c) and (d) of  sociation is certainly occurring as well for long pulse dura-
Figs. 3-5 show the results. To assess the contribution of #ions, but only at the lower intensities in the outer regions of
particular ionization time, we have weighted each kinetic-the spatial intensity distribution in the laser focus. In our
energy spectrum with the corresponding ionization probabilcalculation, the intensity was chosen such that two-photon
ity of panels(b). Here and in the following, we assume that dissociation is the predominant process.

the probability for the start of dissociation at timgis given From Figs. 3—5 we conclude that a wide range of ioniza-
by the ionization probability during the half cycle immedi- tion times contributes, and it is not sufficient to restrict the
ately beforet,. Note that the energy scale in panésand analysis to a particular one. Instead, one should add up all
(d) is very much stretched as compared to Fig. 1. The figuresontributions, properly weighted with the ionization prob-
demonstrate that the kinetic-energy release depends strongiyility at each time. If we had access to the wave function of
on the time of ionization. In general, ionization at a later timethe entire system, consisting of molecular ion plus ionized
leads to abroader peak located ahigher energies. A com- electron, we could add these contributions coherently. How-
parison of the two isotopes at equal ionization times showgver, the information about the electron is lost. Thus, the
that D' usually acquires a larger energy thaii.HFor very  relative phases of the contributions belonging to different
late ionization times[seets in Figs. 4d) and 5c), and ionization times are unknown. Therefore, we compute the
ts, ... ts in Fig. 5(d)], additional contributions at low en- incoherent sum. This is an approximation that would be ex-
ergy appear. We believe that these low-energy fragments aget if the state}qstl} of the ionized electron for ionization at

063402-6



PULSE-WIDTH AND ISOTOPE EFFECTS IN . .. PHYSICAL REVIEW 82 063402

0.1 @ T 12 : .
— a
3 005 | 1 08| @ -
o —— H',80fs
3 T AT P TATAATAYS R " g
5 005 | ]

0 L 1 1
-0.1 : ' 5 ..0 0.2 0.4 06 08 1
30 40 50 60 t (fs) £12 : : : ‘
3
¢ 0.02 ©) L bttt 5 o8l 1
'GE) 0.015 | ] E| 1
a 001 | ] 3
+IN 0.005 | I I I I | I I ] > 120 0‘2 0;4 0.6 o;a 1
et ' | I A I I Ia
a o0 I () 1
° 30 40 50 60 1 (fs) 08 H* 30 fe
__ 004 —— TR 04 — D".30fs -
L oo3|[@H o ‘ . . ‘
o 0 0.2 0.4 0.6 08 1
~ 002 | ty % Eun (6V)

W 001 Yoy
© - 4 . . .
r-: . . . FIG. 6. Calculated kinetic-energy spectra of lnd D" ions
S 00707 02 03 04 05 06 07 os for laser pulses with a peak intensity of k30" W/cn* and dif-

0.02 D" . . . \ . ferent pulse widths. The spectra are normalized such that the peaks
-; 0.015 (d) ts " beyond 0.2 eV have a maximum value of 1.
()]

g 0.01 peak. Note, however, thatDions with larger energy are
4 0.005 also present in the spectrum.
1\% 0 . . . — > In the 30 fs and 50 fs spectra we observe unphysical
0 01 02 03 04 05 06 07 08 wiggles at low energies. They originate from the fact that
En (€V) bound states near the dissociation threshold are hard to sepa-

rate from low-energy continuum states and give small addi-
tional low-energy contributions to the calculated spectra. Yet
time t, was orthogonal to statip, ) for any t,#t,. We we have qonfirmed the.finite probability for zero-energy
) 2 fragmentation by calculations of energy spectra via the auto-
regard| ¢, ) as the electronic wave packet produced by ON&qrrelation functior{27]. This method yields almost identi-
half cycle immediately beforé,, and we add up contribu- cal results foiE,;,>0.1 eV, but it does not give low-energy
tions of different half cycles. So we expect that the conditionwiggles. It is more time consuming because it requires wave-
for incoherent summation is well fulfilled, since the stepwisefynction propagation beyond the end of the laser pulse and
increase in the ionization probability indicates that the wavehus has not been used for the whole bulk of the calculations.
packets that are produced by different half cycles are well The fact that the calculated peaks are all located at lower
separated from each other in space, and therefore are almastergies than in the experiment is due to the one-dimensional
orthogonal. model, which has slightly different values for the binding
For each pulse width, we have sampled 15 equally spaceghergy and the equilibrium distance.
ionization times around mid-pulse, with spacings of two op-  We may characterize the situation in the following way: If
tical cycles forr,=80 fs, one optical cycle for,=50 fs,  we perform our calculations with 80 fs and 50 fs, then we
and one-half optical cycle for,=30 fs. Summation leads can well reproduce the trends found in the experiments for
to the total spectra plotted in Fig. 6. Fo;=80 fs, the H 80 fs and 28 fs(isotopic shift and appearance of a low-
peak and the D peak are located at the same kinetic energyenergy shoulder In the calculation with 30 fs, these effects
This is consistent with the experimental results. Two com-hecome so strong that the kinetic-energy spectra differ quali-
peting phenomena are effective here: On one harid,i@ns  tatively from the experimental ones. An explanation for this
receive larger energy than ‘Hions for equal ionization behavior will be given in the next section.
times; on the other hand, contributions from early ionization Recently, a pulse-width dependence of the one-photon
times are more important for the dissociation gf Tthan in  line was experimentally observed by Frasinskial. [13]
the case of H" [see panelgc) and (d) of Fig. 3]. For the  which is similar to the behavior of the two-photon line de-
shorter 50 fs pulse, the maximum of thé ipeak remains at scribed in the present work. There, the kinetic energy also
the same energy, while the'Dions receive a larger energy. becomes larger with decreasing pulse duration so that the
Note the small maximum on the low-energy side, which weone-photon peak eventually merges with the two-photon
identify with the experimentally observed shoulder men-peak, giving rise to a shoulder structure. This is compatible
tioned above. If we shorten the pulse width to 30 fs, then thevith our calculations since we found for 30 fs pulses that
H* peak also shifts toward higher energies. Interestingly, thgarts of the low-energy fragments stem from one-photon dis-
low-energy D ions become so dominant that the peaksociation(see the discussion of Fig).50n the other hand,
maximum is now located at a lower energy than thé H the small D" low-energy peak in Fig. ®) originates exclu-

FIG. 5. Same as Fig. 3, but for a 30 fs pulse.
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sively from two-photon absorption. We therefore believe that
the shoulder observed in experiment is a combination of both (a)
processes.

VI. INTERPRETATION

V (eV)

In the preceding section, we showed that the experimental _ .
findings are reproduced if we add up the kinetic-energy spec- __
tra obtained for various times of ionization. Two questions
are still open: First, why do D ions tend to receive larger
energies, and, secondly, why does the energy release deper_m'4
on the time of ionization? Simple answers can be given
within the adiabatic-dressed-state picture. The nuclei experi-
ence an adiabatic potential curve that depends on the lase
intensity, and in a short pulse the intensity itself is time de-
pendent. Consequently, the nuclei move itinae-dependent
potential. FIG. 7. (a) Time-dependent adiabatic potential for an 80 fs pulse

For a laser field with constant intensity, the adiabatic po-with a peak intensity of 1.8 10" W/cn?. Classical trajectories for
tential surfaces are obtained from Floquet theft@] or  H." and D" are plotted on top of the potential for two different
from diagonalization of theR-dependent field-quantized starting times {; andt, of Fig. 3). (b) Time-dependent laser field.
electron-plus-field Hamiltoniaf28]. A detailed comparison

of the two methods is given if29,30. but without influencing the dissociation, which is already
_ We consider now an extremely simplified model for the gyer then) For two different times of ionizationt¢ andt, of

dissociation process. At each time step, we diagonalize thgig_ 3), the classically calculated nuclear coordinRf(g) of

1D electron-plus-field Hamiltonian of H (D, "), including H," and D," is plotted onto the surface. Along these paths,

?ho phot%n states darglt;néy thedtvtvf(]) lowest ((ejle(;jcr()tnlc s_:a;e%e nuclei experience a sequence of acceleration and decel-
e gerade ground stag(R)) and the ungerade first excite eration processes.

_state|u(R)) (cf. [30.]): Thereby, the possibility of lonization First, compare the dynamics of the two isotopes. Since the
is excluded. A sufficient number of photon states is needed,. O . . .
because the asymptotically divergent transition dipole mo_dlssomatlon. O,f D IS slower, it ”?eds a longer time to pass
ment[(u(R)|eZg(R))=eR/2 for largeR] leads to asymp- the outer minimum in the potential. Consequently, 'the slow-
totically divergent dressed-state potential curves. If the twgOWn on the slope betwedd=6 a.u. ancR=9 a.u. isless
electronic states are dressed with a large number of photor@ifective, leading to darger kinetic energy for " . Now,
(in our case*20), then the energy eigenvalues at the lowerconsider the case of two different ionization times. Clearly,
and upper end of the spectrum still diverge, but the eigenvalthe potential experienced by the ion will be different in either
ues found in the central part of the spectrum form nondivercase. As one can see from the figure, the accelerating slope
gent and physically correct potential curves. On the othebetweenR=4 a.u. andR=6 a.u. is similarly steep in both
hand, it does not make sense to include even more photatases, but the decelerating regiBa=-6—-9 a.u. is flatter at
states since higher excited electronic stat@hich are ig- later times. As a result, later times of ionization produce
nored in this calculationalready lie within the energy range faster fragments. Indeed, a close look at the figure reveals
covered by the number of photon states employed here. Ithat two trajectories belonging to the same isotope but dif-
order to arrive at a simple picture, we treat the nuclear moferent ionization times have different asymptotic velocities.
tion classically using the initial conditionsR(pg) = (Ry,0), The two-state model is very helpful in clarifying the iso-
whereR is the equilibrium distance of $4(D,). The nuclei  topic shift and the importance of the pulse duration. Yet it
are assumed to follow the adiabatic path that describes does not predict the two-photon dissociation probability be-
three-photon absorption and subsequent one-photon emisause it does not allow for ionization of the molecular ion
sion, giving rise to an effective two-photon absorption.and because we have treated the nuclear motion classically.
(Higher-order curve crossings also exist, but lead to a negliwe saw in the preceding section that this probability depends
gible distortion of the potentials. Diabatic motion is assumedbn the time when K (D,) is ionized(see Figs. 3—band that
at these points. this is crucial for a full understanding of how the kinetic-
Figure 7 shows the result for a pulse width ef  energy spectra are formed. In particular, the absence of the
=80 fs. The time-dependent adiabatic potential is plotted agotopic shift in the case of 80 fs pulses can be explained
a surface, starting at the tintg of Fig. 3 (two optical cycles only if these effects are taken into account.
before mid-pulspand ending after the dissociation processis We are now able to explain why there is good agreement
essentially finished. The potential-energy scale is choseof the 28 fs experiment with the 50 fs calculation but less
such that for larg® the ground state energy of the 1D(H) agreement with the 30 fs calculation. By comparison of
atom, —18.2 eV, is recovered. Around mid-pulse, the po-Table | and Fig. 6 we notice that the fragments are generally
tential exhibits two minima. The outer minimum @&  slower in the 1D model than in the experiment. Therefore,
~6 a.u. gradually becomes flatter with increasing time andhe complete dissociation process necessarily takes a longer
eventually disappear§lt reappears near the end of the pulse,time in the 1D model. We have learned from the
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considerations above that the fragments receive a shift to- VII. CONCLUSION
ward larger kinetic energies if the dissociation is slow. Thus,
the effect should be stronger in the 1D model and shoul

already appear for short pulses of intermediate width, like 53(i

Our experiments have clearly demonstrated that the ion
inetic-energy spectra obtained from multiphoton fragmenta-
on of H, and D, depend on the temporal pulse width and on
fs pulse_s. . . the isotope. These findings have been reproduced in one-

In principle, we should take into account the center-of-gimensional model calculations and interpreted in terms of
mass momentum of the molecular ions, which has been egme.dependent adiabatic dressed states. The fragmentation
timated to range from-0.6 a.u.to+0.6 a.u(see Sec. Il of H," is not very sensitive to the pulse width, whereas for
This would increase the width of the calculated peéig.  D,* the effective two-photon peak shifts toward higher ki-
6), which are already broader than the experimental onesetic energies and exhibits a low-energy shoulder for shorter
We expect that the calculated peak width will decrease if wepulses. The effects result from the fact that the pulse width
employ pulses longer than 80 fs since the contributions fronfthe time scale for the temporal change of intensisycom-
different ionization timegFig. 3) will cover a smaller energy parable to the duration of the dissociation process. Since H
range if the laser-intensity change during dissociation isand D,* dissociate relatively fast, the effect is not very
slower. Again, this means that we obtain better agreemergtrong, and its detection requires not only short pulses but
with experiment if we employ longer pulse durations. also a high-resolution setup. We expect thatatso exhibits

The explanation given by Frasinskit al. [13] for the  the energy shift if the pulse width is further shortened. Pos-
pulse-width dependence of the one-photon line involvedsibly, similar phenomena can be found in heavier molecules
trapping in light-induced bound states. In the effective two-as Well, where they would be easier to observe due to the
photon dissociation process, the kinetic energy of the dissgslower dissociation.
ciating system is sufficiently large to disable trapping in the
outer potential well. However, Frasinskt al’s interpreta-
tion and ours agree on the importance of intensity-dependent Financial support from the Deutsche Forschungsgemein-
potential curves. In both cases, the intensity change duringchaft is gratefully acknowledgetSchwerpunktprogramm
the action of a pulséwhich apparently depends on the pulse “Time-dependent phenomena and methods in quantum sys-
duration influences the fragment kinetic energies. tems of physics and chemistry,” Project No. EN 241)6-2
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