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Photodissociation of H™ in intense chirped laser fields
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Regarding an experimental measurement of proton kinetic energy spectsa ofitd a chirped pulséL. J.
Frasinski, J. H. Posthumus, J. Plumridge, and K. Colding, Phys. Rev.83:t8625(1999], we present a
nonperturbative, time-dependent calculation for the photodissociation bfiHintense laser fields by com-
bining three numerical techniques. The results show a finer kinetic-energy distribution structure of a proton due
to the intrapulse pump-dump mechanism between two electronic states as the pulse duration and intensity
change. Higher-energy peaks are also suppressed by frequency chirping of the laser field. The dissociation
probabilities show that a positively chirped pulse is always more efficient for population inversion than no
chirping or negatively chirped pulses, and a slight coordinate shift of the initial state could result in a signifi-
cant increase of dissociation probability.
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l. INTRODUCTION ing 100-200 TW/crh femtosecond chirped pulses of 792 nm
[1]. They explored the dynamics of an ion trap during the
Molecular dissociation in strong laser fields has been acdissociation process and found that the released proton ki-
tively investigated in the past few years, both experimentallyhetic energy depends on the speed of the intensity decrease.
and theoretically. At intensities above 10 TW/natoms  They also used chirped pulses to test if the wavelength varia-
exhibit multiphoton ionization(MPI) and above-threshold tion affects the one-photon peak in the leading and trailing
ionization (ATI), where they absorb more photons than theedges of the pulse. Their results revealed that the proton
minimum requirement to ionizg2]. Molecules have addi- kinetic-energy spectréPKES are symmetric in positive and
tional rotational and vibrational degrees of freedom that leaghegative chirping, and that the dynamics of the bond hard-
to other interesting phenomena as well as ATI, such as disening is independent of the chirping direction.
sociative ionization, above-threshold dissociatiohTD), Although H,* is the simplest molecule, under strong laser
bond softening and hardening, ef@-12. For ATD, the fields it still shows surprisingly complicated phenomena and
internuclear electronic potentials are mixed by the laser fieldeveals rich dynamical characteristics that are absent in the
at points of multiphoton resonance, causing the molecules tgtomic equivalent. Therefore, it is worthwhile to choosg H
dissociate via several possible channels corresponding to ther the study of dissociation dynamics from the fragment
absorption of one, two, or more photons. A closely relatedinetic-energy spectra because of its simplicity and its poten-
phenomenon is bond softening, where the potential curvegal for rich insight. In this paper, we apply the splitting wave
flattened or “softened” in the vicinity of a multiphoton reso- method[18,19 to the H,* 229 and 23, states by using the
nance. And bond hardening occurs when the molecules ameauli matriced20], which allows us to extract PKES from
trapped in the dressed potential cury&st—§. the asymptotic region and avoid the boundary problem. The
On the other hand, laser control of quantum systems igotational degrees of freedom will be neglected without los-
one of the interesting themes of modern atomic and molecuing physical insight within these field parametpdslé]. The
lar physics. The use of chirped pulses has been demonstratggélper is organized as follows. The numerical methods are
to be a possible method of efficient vibrational ladder climb-described in Sec. II, where these methods are readily applied
ing within a single pulse both experimentally and theoreti-to more than two-levels systems. In Sec. Ill, computational
cally [13-15. Because the frequency sweeps in time, theresults of various laser-field parameters are presented. The
chirped pulse could be tailored to match the anharmonicitypKES are investigated for different intensities, pulse dura-
of vibrational energy levels during the excitation processtions, and chirping parameters. The influence of initial states
But there have been only a few studies done on the chirpingn dissociation dynamics by shifting the wave function in

transition between different electronic states of mO'eCUleSSpatia| and momentum coordinates is also exp|ored therein.
Caoet al. [16] showed the robustness of population inver-finally, a conclusion is given in Sec. IV.

sion of LiH electronic states under positive chirped pulses
where frequency varying becomes off resonance with the
wave packet moving downward on the potential curve.
Meyer et al. [17] proposed that by using a second chirped
probe pulse, the motion of the wave packet can be distin- We assume that only two charge-resonant electronic
guished by the appropriately chirped electric field. Frasinskstates EZQ ,23,) are coupled by the laser fiel(t) within

et al. reported the first experiment of bond hardening by usthe Born-Oppenheimer approximation. The equations de-
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scribing the nuclear motion of a diatomic molecule interact-which is a unitary operator and will preserve the wave-
ing with the laser pulse are function norm. By substituting the generalized Pauli matrix

2 52 for the Pauli matrix in the eXp-iV,At/2] expansion, the ex-
i (R,t U (Rt i i i i -
iz #i(R1) _ 7 i (R1) SVIRI(RY) tension of this method to more than two states is straightfor

at 2u 9R2 ward.
Although the SPO method is very efficient with FFT,
—u1 RE®) (R, 1), (1)  there is a troublesome boundary problem due to the spread-

ing of the wave function under the stretching of an external
where j,k=1,2 andj#k. The ground-statéexcited-state  field. This would make the calculation time-consuming, as
wave function is¢y(R,t) [¢2(R,t)], which describes the the grid points would have to be increased to a large number
nuclear motion of the molecule in the groufekcited elec-  to compensate. To avoid this difficulty, we divide the grid
tronic state potential curv®¥/1(R) [V2(R)]. x1R) is the  space into two regions: one is tlsymptotic region(A),
transition dipole moment ang is the reduced mass of the where the nuclei are widely separated and the potential en-
system. ergiesV|(R) are constants, and the other is fheeraction
region (1), where the interaction potential plays a part. The
A. Time propagation and space splitting wave functions are split intgj(R,t) and/'(R,t) by a filter
In this section, we briefly describe how to calculate thefunction f(R), which is essentially equal to 1 in the interac-
time propagation of the two-state wave functions by usindgion region and decays gradually to zero in the asymptotic
the split operatofSPQ method with fast Fourier transform €gion:
(FFT) [21,22. It is straightforward to extend this method to
cases of more than two states with the generalized Pauli ma- Fi(RY)= zp}(R,t)+ zﬁf(R,t) (6)
trix [20]. The Schrdinger equation to be solved is of the
form (atomic units are used throughout, unless otherwisgq
stated

"ot Pa(R,1) m1AR)  Hp PR ) @)

Here,H;(=K;+V;) is the Hamiltonian consisting of the ki- In contrast to the conventional method, which drops the
netic operatofT; and the potential-energy operaidrfor the asymptotic wave function and keeps only the interaction re-

ith electronic state. In the SPO method, the formula for timgdion wave function, this technique can maintain the
evolution of a total wave function from timeto t+At js  asymptotic wave function without losing the information

expressed as follows: from the fragmentationgl8,19.
W (t+At)~ exp —iK At/2]exy — iV At/2]exp —iV4At] B. Propagation of #*(R,t) in momentum space
x ex — iV At/2]lex —IKAU2]W (1),  (3) The linearity of the Schidinger equation allows us to

propagateyj(R,t) and y/\(R,t) separately. For the
homonuclear molecule, the transition dipole moment di-
verges aeR/2 asymptotically. It enables us to manipulate
the wave functions easily in momentum space by Volkov
V. (R 0 states[23,24] or a plane wave in the asymptotic region, as

- 1(R) . : : o

4= , described below. The coupling equation describing the evo-

0 Va(R) lution of the asymptotic wave function is then

whereV, andV, are the diagonal and off-diagonal matrix,
respectively,

L RY A2 PYRRY  eRED
ot 2u 9R? 2

(4)

0 m1AR) E(t))
m1AR)E(1) 0 '
Using the identity eXjp-io,0/2]=1cos@l2)

—iaysin(@2), whereo,=(J5) and1 is the identity matrix,
the propagation becomes

W(RY),

()
wherej, k= 1,2 andj # k. This equation can be decoupled by
introducing the following new wave function:

W (t+At)~ exd —iKAt/2]Z(R,t)exd —iV4At]
X Z(R,t)exd —iK At/2]¥ (1), (5) x;(R,t)=%[¢i\(R,t)i YR, =12 (9
with

R and the time evolution of the new wave function is deter-
Z(R,t)=1cog u1AR)E(t)At/2] —ioy siM w1a(R)E(t)At/2], mined by the following equation:
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" ’7Xj(Rat) 52 r92Xj(R,t) _eREY) IIl. NUMERICAL RESULTS AND DISCUSSION
ih————=— 5 +

ot 2u  gR? 2 Xi(RD). The theory presented in the preceding section will be ap-
(100  Plied to photodissociation of the H molecule. It is well
known that dissociation fragments of, H reveal multipho-
In the above equation, we can see that the equation of motiofon behavior under intense-field—above-threshold dissocia-
is the same fory; and x, other than the sign of the electric tion (ATD), which is observed experimentally for proton
field being opposite. Therefore, the following discussion iskinetic-energy spectréPKES. As a calibration, we use the
applicable to eitheg, or x,. Obviously, these equations are method described above and obtain exactly the same energy
formally analogous to the equation of motion of a free elec-spectra of proton fragments as Keller dit9]. Classically,
tron moving in the electric field&E(t). The solutions are the the transition frequency varies with nuclear separation dis-
well-known Volkov states. For this reason, it is a goodtanceR of H,* when the molecule is driven by the external
choice to use the Volkov states as the basis set to expand tlield and moves on the potential curve. Thus we use a fre-
asymptotic wave function in the momentum space like theguency sweeping pulséhirped pulsg to excite the mol-
Fourier expansion of the motion for a free-particle waveecule and study its dissociation and fragment spectrum. Fur-
packet. Let¢,(R,t,t;) be the time-dependent Volkov state, thermore, since the moving direction of the molecule in the

which reduces to plane waves at tife potential could decide the excitation dynamics, we will pre-
, pare the initial states of the system at different nuclear sepa-
(R.Lt) = expli[k+A(t,t) IR} ration distance and velocity to investigate their influence on

T the excitation of the molecule.
Xex;{—if dt’ﬂ[k-i-A(t,t’)]z , (11
t.
: A. Propagation algorithm and the calculation of the PKES

where The propagation scheme was discussed in detdil @)
e ft and we just give a brief description here. An initial wave
A(t’ti)zz_j dt'E(t’). (12) packet is chosen and propagated in the coordinate space,
hly which will be separated intgj(R,t) and/(R,t) whenever
the wave functionzp}(R,t) accumulates to a small value
(~10°) at the grid boundary. The asymptotic wave func-
tions are then propagated in the momentum space via a
Volkov state basis. During the field-matter interaction, the
Yi(R,t) = Lf dk xi(K,t;) (Rt 1) (13) pulse ared\(t,t’) has to be calculated as well as its integral.
NP P At each moment of the wave-packet splitting, the new
asymptotic part of the wave functions is added to the previ-
then x;(R,t) (t=t;) is simply determined by the time evo- ous ones. The pulse area and its integral are calculated from
lution of the basis seféy(Rt,t)}: the previous splitting timé; to the latest splitting time, . ;.
It will save the computational time that we do not have to
calculate the integrals from to the time pulse turned off at
each step, and we can extract the information we need from
the wave function at any time during the propagation.
Another way of showing this is to propagate the The fragment probability distribution is given by
asymptotic wave function in momentum space, thus defining

If we know the expansion coefficienf(q(k,ti) such that the
expression ofy;(R,t;) at timet; is

1 n
YRU= = f Ak (k) bR (14)

the Fourier transform of;(R,t) at timet: P(k) = lim [ 5k, |2+ g5k, 1)]?] 17
t—oe
Vi) = —— [ dRyi(R e kR (15 et i
xj(k)= o xj(R.t)e ™. and the kinetic-energy spectrum can be written as

Using Eq.(14) and the definition ofp,(R,t,t;), we obtain 1 [u

S(E)=% EP(\/ZME/h). (18

~ ~ h [t

x,-(k,t>=xj(k:A<t,ti>,ti)exp[—iz—f dt'[kiA(t,w]Z}.

HIY (16) We have seen in Sec. Il that the propagation of the

asymptotic part is done in the momentum space, therefore

We see that the time evolution of tb}‘.\(k t) (j=1,2) func- we obtain directly the needed wave functionkispace. Fi-

tions is very simple in the momentum spacé. To obtainn@lly, the total photodissociation probability may be obtained

)A(j(k,t) at any timet=t;, we just have to shift itk space the y integratingP (k) overk

initial S(j(k,ti) by the laser pulse area and multiply by a

phase factor. Finally, the asymptotic wave functions in mo- Py= | dk P(k)= Iim(l_f dR| '/’ll(R't)|2>' (19
mentum space can be recovered by using(8g. t—oo
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4or ] derivation presented by Ballingt al.[25] and compare with
L 0.2 i Eq. (20) to give some results. As an example, a 300-nm and
C H, (2) ~10AR ] 5.5-fs bandwidth-limited pulse would be stretched to 100 fs
30 o1 - for a;=%+0.3, and ¢,=*+0.1100 fs pulses result from a
C i 16.3-fs chirping-free pulse.
_ . The transition dipole momeni(R) is fitted to Ref.[29]
T 5 2 0.0 h in the R—0 andR— o regions,
% o 04 (b) 10AR i
i [ ] 1
S r 02 ] =
= i ] R)= — , 21
ENNG 1 #(R) 21 2+1AR (21)
S - 0.0 .
a i 0123456789 ] where the overlapping integré=e R(1+R+R?3). The
oL . filter function is taken as
L 1 4
i pHAS) f(R)={1+exd o(R—Ro)]} "2, (22)
oy where R, is the point dividing the interaction and the
0 2 4 6 8 10 asymptotic regions, ana controls the extension of the tran-
Internuclear distance R (a.u.) sition zone between these two regions. In our calculation, we

chooseRy=0.7FR.x and o= 120R 4.
In our calculation, the initial states are chosen to be the
ZEQ vibrational ground state with its initial velocity and po-

FIG. 1. Simplified potential-energy curves for the electronic
ground and excited states of,Hwith the vibrational ground-state

wave function at the bottom of th%Eg potential curve. The ground sition being shifted by an amou(R) and(k) from the equi-

state Is excn.ed o the upper elecm?mc state by a 330._nm.laser pu'?l%rium values. To prepare these initial states with different
via the multiphoton process. The insets show the vibrational state

distributions when the 5 ground state is shifted from its equilib- Initial velocity and position, we can just multiply the ground

rium position by— 10AR or 10AR, whereAR=0.0625 a.u. state by a pha;e factor e{k((k)R]_ and shift the coordinate_ of
the wave function by R), that is, we can do the following
B. Computational features Fourier transform(FT) in the coordinate and momentum
. _ __dual spaces:
The calculations are based on a mesh of 512 grid points

extending forR=0 to Ry,.,=32 a.u. The H" molecule is FT

subject to a Gaussian pulse with an extenty@fin 27 full Wo(R—(R))exd i (k)R]—Wq(k—(k))exd —ik(R)].

width at half maximum(FWHM): (

The shifts(R) and (k) are equal tomAR and nAk with
codw. 1), integers(m,n), where AR=0.0625 a.u. and\k=0.196 35
a.u. are the grid sizes of the coordinate and momentum

-
E(t)=E,exg —| ——
.

act spaces. This kind of initial state could be produced by apply-
_ @[ 15— fort<8r, ing a dc electric field to the 5 molecules. The shifted
wL= 7 (20 ground state then consists of several vibrational eigenstates.
wo(ltag)  fort>8r, Under the chirped pulses, the excitation dynamics from each

) state can be explored.
whereE,, and w, are the peak field strength and laser fre-

guency, respectively. The, is chosen to be 330 nm and the
propagation time stept=0.8 a.u.a. is the chirping param-
eter, which specifies the frequency sweeping rate and is posi- First, we explore the dissociation of,H under pulses
tive (negative if frequency increase&ecreaseswith time.  from low intensity to high intensity, from negative to posi-
Figure 1 shows the simplified two-potential-curves diagramntive chirping constants, and from a few femtosecofitie

of H," excited by a 330-nm laser pulse that is just a littleorder of the vibrational periodup to subpicosecond pulse
above the dissociation threshold of, Hand was used to duration. The results are shown in Figga2-2(d). In Fig.
study the multiphoton dissociation processes and ATD dy2(a), the intensity is 5 TW/crh The maximum dissociation
namics of this molecular ion by many authors, both experiprobabilites Py of H," at a.=0.3 are 1.1X 1076,
mentally and theoretically3—7,10,19. Today most of the 5.28x10 6, 5.28<10°°, 1.05x10 °, 2.63x10°°, and
pulse chirping is produced in the visible and infrared ranges.26x 10~ ° for pulse durations of 10, 50, 100, 250 and 500
by controlling such parameters as the distance between twis, respectively. For visualization purposes, we normalize
gratings in the compressor of the optical sys{@®,26. Itis  each curve withP4 at a.=0.3. After the scaling, all results
believed that the chirping of an ultraviolet and soft x ray of the five different pulse durations show the same behavior.
generated from harmonic up-conversion will not be difficult That is, the dissociation is much more efficient for positive
to achieve in the futur¢27,28. To get an idea about the chirping than negative chirping. When the wave packet is
relation between the pulse duration amg, we follow the excited to the®S, state, it gains momentum and accelerates

C. Dissociation and PKES of H* under chirped pulses
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FIG. 2. Dissociation probabilitieB4 of H,* vs chirping param- 0 2%10* 4x10* 610" ax10*
eter o, for different pulse intensity and duration Dashed-dotted o o
line: =10 fs, dotted liner=50 fs, short dashed liner=100 fs, Fragment relative kinetic energy (cm )

long dashed liner=250 fs, and solid liner=500 fs. All the P4
are scaled by the dissociation probabilRy («.=0.3,7) in each
case. In(@), Py (a,=0.37=10 f5)=1.16X10"%, Py (,=0.37
=50 f5)=5.28x107%, Py (.=0.3,=100 fs)=1.05x10"°, Py
(e=0.37=250 fs)=2.63< 10 °, P4 (a.=0.3,7="500 fs)=5.26
x1075% (b) Py (a,=0.3) are 6.9%10 4 1.39x10° 3, 2.74
X 1073, 6.79<1073, and 1.3% 10 2 for 7=10 fs, 50 fs, 100 fs,
250 fs and 500 fs, respectivelig) Py (a,=0.3) are 6.4 10 2,
0.141, 0.252, 0.511, and 0.761 fe= 10 fs, 50 fs, 100 fs, 250 fs,

and 500 fs, respectivelyd) P4 (a.=0.3) are 0.106, 0.259, 0.435, . . L .
0.765, and 0.920 fov-=y10 fi,(s(c) fs, 1)00 fs, 250 fs, and 500 fs, IN Figs. 2c) and 2d), the criterion difference among all
respectively. pulse durations of the same chirping parametgis signifi-

cant, which makes the dissociation probability distinguish-

downward such that the resonant frequenéy—V, de-  able even after scaling. We can also see that there is a slow
creases with time. For the case of a positively chirped pulsegscillatory behavior oPy againsta, in Fig. 2. This could be
the pulse becomes off resonant with the moving wave packeiue to the interference pathways in the dissociation process,
before the Rabi oscillation starts to deexcite the populatior®s shown ir{14,15.
back to the ground surface, and can only pump more ampli- The PKES are depicted in Fig. 3 for five different pulse
tude up to the excited state. In contrast, the negative chirpintfitensities of duration 500 fs with chirping constamg=
can follow the motion of the wave packet and hence cycle— 0.3, 0, and+0.3. This PKES describes the kinetic energy
the population back to the ground surface. Also, the dat®f the relative motion of dissociation fragments, proton and
show that the transition probability is proportional to the hydrogen atom, of K" in the center-of-mas¢CM) frame.
pulse duration at this field intensity. This is the typical Fermi Therefore, each dissociation fragment shares nearly the same
golden rule characteristics in the perturbation regime. kinetic energy in the asymptotic region, that is, one-half of

Figure 2b) shows results at a field intensity 100 TW/m the relative kinetic energy in the CM frame. Figuré)3con-
The behavior is again perturbative except in the case of &ins PKES for thew=0 case with intensity at 1, 5, 30,
10-fs pulse. In our previous studyl4], we showed that 87.5, and 100 TW/cf From this figure, we can see that
population inversion is determined by the adiabatic criteriorthere is a negligible dissociation signal at 1 TWfcrithe
|dw, /dt|<|E(t) x(R)|?, therefore the longer pulse duration three-photon absorption peak appears first at 5 T\A/xh
implies the slower frequency sweeping in Fig. 3, hence the0 TWicnt, there are two groups of subpeaks corresponding
longer duration pulse is more efficient than the shorter durato the three-photon absorption—one-photon emission—3-
tion pulse in excitation. Due to the fast frequency sweepingphoton absorption process. At an intensity of 100 TW/cm
rate of the shortest pulse, the 10-fs case is the first to gthere remains only one group of subpeaks corresponding to
beyond the adiabatic approximation and behaves differentlthe three-photon absorption two-photon emission process.
from the other cases. As the field intensity increases furthe€omparing to Fig. 5 of Ref.19], we know that the spectral

FIG. 3. Proton kinetic-energy spectf@KES of pulse duration
500 fs, with various chirping. In each plot, the intensities from
bottom to top for each PKES arex110'? W/cn?, 5x 10 W/cn?,

3% 10" W/cn?, 8.75< 10 Wicn?, and 1x 10* W/cn?, respec-
tively. All the PKES have been enlarged such that there is no ab-
solute relation between the peak intensity in this figure. Note also
that there is no PKES fawr,=0.0 and intensity = 1 10" W/cn?

in plot (b).
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FIG. 4. PKES of differen{R) shifts at chirping-free pulse in- FIG. 5. Same as Fig. 4 except the intensifg 8.75< 10'%. The
tensity 5x 1012 W/cm? with duration 7=250 fs. The shifts are in three-photon peak not shown here is about one order of magnitude
units of AR, whereAR is 0.0625 a.u. in the present calculation. In smaller than the two-photon peak (b).

(a) the —10AR shift results in a broadened vibrational state distri-
bution up tov=9, while v distribution is only at ground state in one-photon(three-photon absorption—two-photon emisgion
(b). The distribution in(c) is intermediate betweefa) and (b) with peaks. The shifts tell us that the multiphoton processes occur
populations up tw=3. The PKES have been offset from zero in sequentially at a different moment for each intensity, or the
the vertical direction for clarity. In(b), a three-photon absorption photon exchange happens frequently during the excitation
peak that is one order of magnitude larger than a two-photon peak isrocess, and the negative chirping causes the redshifts.
not shown in this plot. On the other hand, there is only one photon peak in the
positive chirping PKES, and the peak width and structure
structure is complicated as field intensity goes above 3ncrease with intensity. The peak shift is absent in positive
X 10" W/cn? with longer pulse duration, such that the wave chirping, a plausible reason being that there is no more pho-
packet can be excited to and deexcited from thg, state  ton exchange after 4 absorbs one photon at some moment
and produces other excited vibrational components in theluring the excitation process because it is hard to be deex-
H,* ground electronic statgs,16]. The results confirm the cited from a 23, state for a positive chirped puldd6].
multiphoton processes against field intensity, as shown iTherefore, we know that high-energy PKES could be sup-
Fig. 1 of Ref.[9]. pressed by pulse chirping.

Besides, the three-photon peaks are well locatedvatsss Comparing the results above with Figs. 1 and 3 of Ref.
expected and the two-photon peaks are slightly redshifted1], we can see that the dynamics studied in this work is not
This is because the photon-exchange mechanism dominateglependent of chirping direction as it was in Rif]. The
in the three-photon process for lower intensity without pho-lack of symmetry about the chirping direction in our work
ton emission during the dissociation process, while the twomay be due to the following reasort§. The chirping param-
photon process has one photon emitted when the waveter of Ref[1], in the bandwidth limit, varies from-0.09 to
packet moves away from the molecular center. The oned.09 therein. In this small range of chirping value, the dy-
photon peak dominates at high intensity, corresponding to aamics does not change significantly and is nearly symmetric
three-photon mechanism of the absorption-emissionin both directions of chirping. In our case, the chirping pa-
emission process that can also be interpreted as a tunnelimgmeter changes from 0.3 to 0.3, about three times larger
through an adiabatic barrier after reflection, resulting in athan 0.09. (i) In Ref. [1], the intensity is above 100
blueshift in the PKES. TWi/cn?, which may be strong enough to saturate the disso-

When H," is irradiated by chirped pulses, the PKES areciation probability, and has no effect on the positive and
quite different from the chirping-free cases even with thenegative chirping in the chirping excitation of rubidiyB0].
same field intensity. Figure(8 are the results of negative On the other hand, the intensity used in this paper is inter-
chirping. We find that the three-photon absorption peak dismediate and the dissociation probabilifpes not saturate
appeared and the two-photéthree-photon absorption—one- (jiii) Since the frequency used in Ré¢fL] is 792 nm, well
photon emissionpeaks shift from blue to red aroun@2 as  below the dissociation limit, and the PKES is the one-photon
the intensity increases. Similar behavior is observed for th@eak, there is no reason to deduce the dissociation mecha-
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FIG. 6. Dissociation probabilitie®, as functions ofa, and FIG. 7. Same as Fig. 6 except pulse duratien250 fs.
momentum shif{k) at 7=10 fs andl =8.75x 10'® W/cn?. From
top to bottom, the spatial shifR) is 8AR, 0AR, and—8AR in  =5X10'2 W/cn? and 8.75< 10" W/cn?, respectively. The
each plot, respectively. The contour level increased by a step gbulse durationr is 250 fs andx.=0 in both figures. In Fig.
0.02. 4(b), the inset shows that the initial wave packet contains

. . 2 .
nism dominated by the multiphoton process. Instead, the turNlY _the vibrational ground state of o1 %34, while the

neling process becomes the only possibility in contrast to thdistribution in Fig. 4c) is up tov =3 and it extends to =9

330 nm, which is a little larger than the dissociation threshi" Fig. 4@. The vibrational energy difference of=1 and

old. The initial states starting at=3 and 4 also enchance the v =0, AE1, is 2239 cm* and decreases stepwise 6% for
tunneling dissociation for the intense field 100—200neighboring states taAEqg=1247 cm'. Therefore, at
TW/cn?. The strong peak field and small frequency preferweaker intensity there is a blueshift one-photon peak that
this diabatic(tunneling dissociation mechanism rather than broadens about:210* cm ™! to include H* ten vibrational

the adiabatic passagénultiphoton process because the levels in Fig. 4a), and the vibrational distributions of Figs.
Keldysh parametey (< wq/E,,) is smaller and the adiabatic 4(b) and 4c) are reflected by the one-photon peaks that re-
passage criteriof|dw, /dt|<|E(t) w(R)|?] is more unsatis- sult from the absorption of one photon without emission,
fied in Ref.[1] than in this paper. To sum up, the main while the structure of the subpeaks corresponds to the two-
difference between Refl] and our results is the intensity, photon peak coming from the absorption-emission process.

pulse frequency, and chirping parameter. As the intensity increases, the one-photon PKES may re-
In Figs. 4 and 5, we show the PKES of initial states withsult from the tunneling of high vibrational levels or photon
the same shape but shifted to a different positjg for | exchange, i.e., absorption of three photons and emission of
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two photons of lower vibrational levels. In Fig(a, the high The dissociation probabilitieB4 as a function of chirping
vibrational state tunneling dominates in the PKES becausparameterx. and the initial wave function’s shifted coordi-
the vibrational distribution is up to=9 and the multiphoton nates are shown in Figs. 6—9 with a pulse intensity of 8.75
absorption signal of low vibrational levels is about one orx 10*® W/cn? at various pulse durations. The dissociation
two orders of magnitude smaller than the tunneling PKES. Irprobabilities are nearly symmetric abqlt) =0 in each plot
contrast to Fig. &), the PKES in Fig. ) is located around and increase agk)| increases in Figs. 6 and 7. This is pos-
the one-, two-, and three-photon position due to its distribusibly due to the short vibrational period of the wave packet
tion being only orv =0, which is below the potential barrier such that the pulse duration could cover many vibrational
formed by the potential curve and the laser field. Figu® 5 periods when the wave packet moves in the ground potential
has a vibrational distribution between=0 and 3 resulting surface. Therefore, the excitation relation between the wave-
in PKES of one-photon absorption at abouk10* cm™%.  packet motion and the chirping direction is averaged out and
The results of Figs. 4 and 5 can be summarized as followswve have to use an ultrashort chirped pulse to explore this
for weaker field, the dominant process is via photon absorpshort time dynamics whenever we want to observe this rela-
tion, especially for the one-photon peak without any photortion. For(R)# 0, it seems that dissociation probabilities in-
emission. On the other hand, tunneling or absorptioncrease with positivex, and decrease at negative chirping
emission becomes important in the strong field regime. It igparameter, but they do not have the similar behavior of Figs.
evident by comparing Figs(d) and 5a) that there is a sharp 6(b) and 7b). In addition, the features of the dissociation
peak in Fig. 5a) and those subpeaks appearing in Fige)4 probabilitiesP4 are different in Figs. @& and Gc) for a short
almost disappear in Fig.(8. pulse duration of 10 fs, but they look very similar in Figs.

(b)
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7(a) and Tc). Figure 8 is thePq as a function ofx, and(R),  the dissociation probability will increase by about one order
from which we can see thatH has a large dissociation at of magnitude more for the chirping excitation than for the
negative shift(R) and positive chirpinga.. As the pulse chirping-free one, and positive chirping is more efficient than
duration increases, the positiy®) shift increasesPy sig-  negative chirping. By slightly shifting the initial state posi-
nificantly and the dissociation of negatiy&k) does not tion and/or momentum, the dissociation probability increases
change much. Finally, Fig. 9 shows that the dissociatiorprominently with a chirped pulse.
probability depends weakly on th&) shift, and an increased However, because the frequency is sweeping in time, it is
pulse duration will increasy, too. difficult to analyze the matter-field interaction via the simple
Thus, we can infer the followingi) For short pulse du- photon-exchange mechanism. In addition, the excitation-
ration, the effect of increasinBy by the (k) shift is weak. —deexcitation process is be complicated and more significant
Positive chirping andR) shift are more able to achieve dis- as the pulse duration becomes lon¢2$0-500 f$ than for
sociation than negative chirpingi) The dissociation prob- the ultrashort puls€10-20 fg. Therefore, we propose a
ability of the positive(R) shift can be changed drastically by plausible way to combine the three methods mentioned
applying a long pulse laser, but the negat{® shift P, is  above to calculate the transition between multipotential sur-

not able to do that due to its saturation at short pulse durgfaces of molecules and to explore the dissociation dynamics

tion. including the dissociation probability and PKES. Detailed
dissociation dynamics and extension to three-dimensional

IV. CONCLUSION systems with an intraband rovibrational transition and exci-
tation control will be investigated in future works.
We have shown the possibility of combining a split op-
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