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Dissociation and dynamics of the high-vibrational-state HF molecules under intense half-cycle
and few-cycle pulses
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This work explores the dissociation dynamics and angular distribution of the HF molecule interacting with
intense half-cycle and few-cycle pulses, including the rotational degree of freedom. The dependences of the
dissociation probability on both the pulse type and the pulse duration are discussed. Our results indicate that
the angular distribution of the dissociation probability is highly asymmetric to the perpendicular direction of
field polarization, and becomes more symmetric with an increase in the number of field cycles. The spatial
distribution of the wave function demonstrates the feasibility of constructing a molecular wave packet by
interacting with the half-cycle pulse.

PACS numbgs): 42.50.Hz, 31.15.Qg, 31.70.Hq

[. INTRODUCTION In contrast to the extensive amount of attention paid to
atomic Rydberg states by the HCPs, corresponding studies
Strong and short laser pulses have been used in recepd the molecular species are rare. Although incorporating
decades to examine the light-atom and -molecule dynamic®tational effects into the vibrational states complicates the
over a wide range of laser frequencies. The experimentdtalculation, experimental analogs have already been set up,
investigation of Jonegt a|_ [1,2] ushered in an extensive such as field dissociation of molecular ions in the field-ion
study of the ionization and excitation of the Rydberg atomMicroscopy(FIM) and its passage through the high-field gap
using a half-cycle pulséHCP) [3—10. The experiments [11-13. From the perspegtwe of cqlhsmn physms, HCP and
were performed in the regime where the pulse duraligis one-cycle pulsef6] can imitate the interaction of atoms and
in the order of the classical electron orbital period, ( molecules with a charged particle. Besides, advances in laser
n . .
=2mn?) and the peak field strength, is in the order of the tgchnology have made it pos§|ble for the frequent_use of a
: ! time duration shorter than a single molecular rotational pe-
nuclear Coulomb field§,=n"") of the atom, where de-

s th incipal ; b f the Rvdb ‘ riod in experiments. As widely anticipated, a pulse with a
notes the principal quantum number of the Rydberg a 9mhigh intensity and duration comparable to the vibrational pe-
(Atomic units are used hereafter unless stated otherwise

- 2 . B riod will be contributed and controlled in the near future.

Thls_short al_"nd unidirectional electnc—fleld_pulse leads t_o SeVThus, this work elucidates the dynamics of the high-lying HF

eral interesting results, such as the creation and probing of @olecular vibrational states under HCP and few-cycle pulses

wave packef2], tracing of wave-packet trajectories, and theyhile including the rotational effects. Results in this study

difference between’l scale ionization and microwave ion- provide further |ns|ght into such processes.

ization or ramped dc electric-field ionizatigh,4,10, etc. The rest of this paper is arranged as follows. We briefly
The experimental results have led to numerous theoreticahtroduce in Sec. Il the numerical method of solving the

investigations using either quantum- or classical-mechanicalme-dependent Schdinger equation of an HF molecule un-

approacheg8-10. According to those investigations, the der nonperturbative interaction. For different rotational

HCP experimental results can be interpreted classically bgtates, the pseudospectral method is used to compute the ei-

the interaction of the Rydberg atom with impulse figlg9].  genvalues and eigenfunctions with a Chebyshev basis. In

The quantum study of ionization correlates with the classicaBec. Ill we present the results and discussions. The dissocia-

results over a regime where the time scale runs from théon of HF by different pulses and duration are investigated

adiabatic limit (T,>T,) to the suddenT,<T,) limit, and  therein. A summary is given finally.

the ionization behavior changes from * to n~?! scaling

characteristics. However, the measured threshold field of Il. MODEL AND CALCULATION

ionization expressed as a function of pulse durafigriies ] o ]

on a universal, classical scaling invariant curve connecting Under the Born-Oppenheimer approximation, the time-

the adiabatic and sudden regimes. Thus, the impulse ﬁe@ependenf[ Hamiltonian of light interaction with the molecule

approximation is useful in the analysis of the atomic Ryd-can be written as

berg state under the HCP excitations. - -
H=H,—E(t)-d(R),

@
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VJ(R)=De[e‘Z“(R‘Ro)—2e‘“(R‘Ro)]2+j(j+1)/(2MR2), where (I:m;l,m,|lsmz) is the Clebsch-Gordan coefficient,
O =(6,¢),k=|E[t+(A/2)]|A, andj,(kd(R)) is the spheri-

where the parameters used dbe=0.225x=1.1741,R, cal Bessel function of order. During the time evolution, the
=1.7329, and reduced mags=1744.8423 for the HF mol- Population probability of the system lies in theh vibra-
ecule. The dipole moment function of HF is written astional stateP,(t) is defined as
d(R) = p,Rexpp,RY)R with p,=0.4541 andp,=0.0064 -
[14,15. This dipole function has an effective charge 0.31 at p (t)zz P (1) @
equilibrium position that was used by many authors in a Y o M
simpler linear form 16-1§.

The external fieldE(t)=E(t)z used in this work is cho- Where P,;(t)=[(#,;(t)|¢(1))|* denotes the population of

sen to have thsinusoidalform the jth rotational level associated with theh vibrational
bound state at timeandv=0,1,2 . ..,23,j runs from O to
(2w diminishing angular momentuny, .
E(t):EmS'n(T_St)’ O<t<=NpTs, Np=05123.... While the rovibrational coupling can be neglected, the

(2)  separation of the rotational and vibrational degrees is a good
approximation, and the wave functieh,; can be written as
When N,=0.5, the field is a half-cycle pulsé&y,=1 is a a product of the radial part and the angular part,
one-cycle pulse, and so on. The total pulse duratiofiis ¢,(R)Y;m({2), where¢,(R) is the eigenfunction of the one-

(=NpTs) . In our calculation, the maximum peak field dimensional Hamiltoniak2/2u+Vo(R). When the system
strengthE,, is fixed at 0.0338a.u), which corresponds to s in the highly rotational or vibrational states, this approxi-
the intensity of 4< 10'* W/cn?. Beyond this order of inten- mation is questionable and we have to include the centrifugal
sity, the ionization process will occur and the molecular po-force in the potential. Chelkowski and Bandrauk expanded
tential with only one surface is inadequate to describe bothhe potential around the minimum of the potentigl and
dissociative and ionized processes. fitted them into a new Morse potential. The eigenfunctions
The above time-dependent system is solved numericallgre then solved from this new potentjaB]. Instead of their
by the split-operator algorithnj19-21. We expand the method, we use the pseudospectral meffad-26 to solve
wave function into partial waves: the eigenfunction ofH, numerically and normalize the
pseudocontinuous states within a box of length 46.0 a.u.. To
compute the eigenfunctions, Ie:t,,j(R)E\/FXVj(x) with R
=f(x), and using Gauss-Chebyshev quadrature, we have

I max

¢<R,n;t>=|§0 FI(R;t)Yim(Q). 3

For the linearly polarized field, the magnetic quantum num- N
bermis conserved unless a magnetic field is added in, hence XVJ(X)=241 9i(X) x,j(Xi), (8)
the system reduced into a two-dimensional one. The wave

function is then propagated in time by alternating tranSfor'wheregi(x) is the cardinal function in the Chebyshev basis

mations between coordinate and momentum space by t =N . . s
fast-Fourier-transform methd@2]. Additionally, the propa- ha%cégx,ghz%:ilaz ]:[ ?f) Eoil?f it;(oﬂ go)'/n(ti ag(ék)) \?vlﬁéreL
- 1 - 2/ )

gation of the dipole coupling term can be calculated througl'b1 andC, are scaling factors which mapinto the interval

% [ —1,1], the wave function satisfies the following equation:
e*kd(RcosI— ' (F)"[47(2n+ 1), (KA(R))Y (). N
n=0
@ 2, (Holuixi () =, x4 (%0, ©
By making the expansion
where
Imax
etikd(R)cosﬁl//(R,Q;t):lZO GI(R)Y|n(Q), (5 " 11 2429:(%,) o (10
0/ki 2 f,(Xk) dX2 JUAK) Oki
the time-dependent radial part becomes
with
n=1+1" | max
G (Ri)= > > (—1)M(xi)"(2n+1) (= 1)K (= 3 iy + 2)
n=Ji-1"| =0 = if ki,
2 — L
X (214 1) (21" +1)j 1(kd(R)) ~dgix0 _ (1=Xi) (X=X
20" =n)-my 5| 112 dx* N°-1 4 L if k=i
XF(R;t)(—1)20 =M =m(21 + 1)~ =I.
X {1"0;n0[10)(]" —m;n0|l —m), (6) (11)
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FIG. 1. The dissociation probabilities of the eighteenth vibra- J/
tional excited state of HF against the field strendiqsfor different 010 b J/ _
types of pulses specified by the number of field cydigsand L
durationsT,. The incident energy is the same for each case. Solid 0.00 Ll
line is the HCP pulseN,=0.5); dotted line is the one-cycleN(, 0 20 40 60 80 100

=1) pulse; dashed line is the two-cycld (= 2) pulse; and dotted- time(fs)

dashed line is the four-cycleN,=4) pulse.(a) T,=10 fs for all
types of pulses(b) T,=20fs, (c) T,=40fs, (d) T,=80fs. The
dissociation features changed Bsincreased.

FIG. 2. The dissociation probabilitieB4(t) as a function of
time during the interaction at intensity=4x 10"3 W/cn?. (a) T,
=10fs, (b) T,=50 fs, (c) T,=100 fs. The line types are the same

. . - . as Fig. 1, i.e., solid line is for HCP and so on.
The dissociation probabilit 4(T) is calculated from the g

obtained eigenfunctions by to the sixth decimal place during propagation, thus ensuring

23 the reliability of our computational results even for a very
Pyt)=1— 2, P,(1) small dissociation probability. When computing the eigen-

v=0 functions, all the vibrational bound statesjef 0 are gener-
ated with the eigenenergy accurate up to & comparison
with the exact eigenenergy of the Morse potential by using
256 grid points. The continuous states are also reproduced
well by imposing only the boundary conditiop,;(xo) =0
and allowing the wave function to oscillate at the end point
Xn - This approach differs from setting the wave function to
zero at both endssy andxy [24].

Herein, the initial state is prepared in the eighteenth ex-
cited state since the energy-level spacings in high vibrational
states are much more closely spaced than the low-lying lev-
els. Moreover, the linear combination of nearby states can
construct a long-life wave packet.

1

zf Pq4(6,t)d cosa
-1

:fo 2 Pi(ep,t)dep

=fo(8p,t)d8p, (12
0

wherePy(6) is angular distribution of the dissociation prob-
ability andP(e,) denotes the fragment energy spectra with
componentst(sp)=|(¢€pj|</f(t)>|2, in which ¢, _; is the

eigenstate oH, with eigenenergy ,=0. A. Dissociation of HF by different pulse durations

and number of cycles
Ill. RESULTS AND DISCUSSIONS . . . . Lo
Since the period of HF vibrational motion is about 10 fs,

In our calculation, radial coordinates of 2048 grid pointsthe dissociation of HF by different pulse durations around
with a range of 46 a.u. and an angular expansion of 10—4this time scale is of interest. Initially, calculations are per-
partial waves are used. The population of the highest rotaformed for pulse durations ranging from 5 fs up to 300 fs.
tional state is less than 10 at the end of the pulse. In all This pulse duration covers the time scale that is comparable
cases of calculation, the norm of a wave function is accuratéo the vibrational period and the time duration that is long
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FIG. 3. The dissociation probabilitié, against pulse durations * 10** w/en. The symbol for each pulse is the same as Figal.

T, at intensityl =4 101 W/cn. (a) HCP, (b) one-cycle pulse(c) T,=20 f; for HCP and the one-, two-, and four-cycle pulses have
two-cycle pulse. Solid line is th®, vs scaled duratio,/N,,, the duration of 35 fs. All pulses have almost the same dissociation

whereN,=0.5 for the HCP pulselN,=1 for the one-cycle pulse, proba}bilitiesPd:O.lé_lO.(b) All types of pulses hay_e_the same pulse
and so on. Filled circles arBy vs pulse duratiorT,, not scaled. dyrat_lon 50 fs but different dlssoqatlon probabilitieg . _The dis-
Note that the extreme dissociation probabilitisslid line) occur t”bUt'Sn Pq(6) has been normalized blyy for comparison such
almost at the same position after duration scaling. that [gPq(6)do=1 .

enough to smear out the short-time behavior. Figure 1 illusyot change the field direction. As the pulse duration becomes
trates the dependence of dissociation probabilities on thg,ger than the molecular vibrational period, the total energy
numper of field cycles and field strengths, where the _puls%ain from the HCP pulse will be averaged out due to the
durationsT, (=N,T) are 10, 20, 40, and 80 fs, and field pack and forth motions of the system under the driving of the
cycles are HCP, one-cycle, two-cycle, and four-cycle, reqise field. On the other hand, for the few-cycle pulses, the
spectively. The total incident energy per unit are&fsT ,/2 ~ periodic change of momentum may correlate with the mo-
for these pulses. Therefore, those pulses have the same ingizylar vibration and obtain net energy from each half-cycle
dent energy and intensity as long as their duratibpsand  of the pulse for longer duration pulses. This resonancelike
peak field strength&,,, are equal, although their number of effect does not occur in the HCP case. Consequently, the
field cyclesN, and field periodTs may differ from each few-cycle pulses have larger dissociation probabilities than
other. Figure (a) reveals that forT,=10 fs, the molecule the HCP pulse for the longer duration pulses. In contrast to
has larger dissociation probabilities under HCP than undethe anomalous ionization stability against the field strength
other types of pulses. A situation in which the pulse duratiorof the surface-state electrd$SB by HCP, the molecular
becomes longer, as shown in Figgc)land Xd), suggests rotations diminish the possibility of the wave function
that the molecule becomes more easily dissociates with fewsouncing back and forth in the effective potential well
cycle pulses. This result can be understood from the impulsgyrmed by the external field and the Coulomb force. Instead
field approximation for short duration pulses, where theof the anomalous stability, Fig. 1 reveals a monotonical in-
change of molecular energy can be approximated\Byt)  crease of the dissociation probability against the external
=(P-A+A2/2)/u with A=—[E(t)dt and P is the initial  field strength for each fixed duratid@7]. This is a distinct
momentum of moleculgl,2,4]. For a shorter duration pulse, feature of molecular HCP excitations.

a change in field direction cancels out the impulse integral Figure 2 describes the dissociation history of different
and reduces the energy gain of a molecule. Hence, the digulse types and durations under the same field strength as in
sociation probability is low. The unidirectional HCP pro- Fig. 1. This figure indicates that the dissociation probability
vides a larger energy gain of the molecule because it dogscreases with time for a shorter HCP and, for a longer HCP,
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FIG. 5. The changes of fragment dissociation probabMi{s,) with respect to fragment energy, and angular momentuinfor each
type of pulse in Fig. @). The dissociation fragment energy is scaled bywpse, Wherewp =27/ T and the subscript “pulse” represents
“hep” for N,=0.5, “1cy” for one-cycle pulse, etc. All other parameters are the same as f&g. 4

the probability initially increases and then decreases lateiThe above results suggest that all pulse types have near reso-
This phenomenon suggests that a loss of energy occurs as thance frequency at scaled time 50 fs after the electric field is
wave packet bounces back. For the few-cycle pulses, th#sansformed into the frequency domain. For example, the 25
dissociation shows oscillatory structure over time and ifs HCP has a 3.3810 3 FWHM center at 3.43 10 ° and
smaller than the HCP case for shorter pulse duration, howthe 100 fs two-cycle pulse has a central frequency 3.07
ever it becomes larger than that of the HCP’s as the duratioft 10> with 9.1x 10™* bandwidth.

increases. The above results can be understood in a manner

similar to that in Fig. 1. An increase of intensity does not B. The fragment energy spectra and dissociation

imply an increase of dissociation probability, since the dis- angular distribution

sociation probability depends on the pulse duration, field | the preceding section, we have demonstrated how the
strength, and the pulse types. dissociation probability depends on the number of field

Figure 3 illustrates the change of dissociation probabili-cycles and pulse durations. This section examines the angu-
ties Py with respect to the pulse duratidny and field period lar distribution of the dissociation probability and the frag-
Ts of the HCP, one-cycle, and two-cycle pulses. This figurement energy distribution defined in Ed.2) for various types
clearly reveals several local maxima &f; around some of pulses. Figure @) indicates that the angular distribution
pulse durations. If the pulse duration is scaled by the numbeof the dissociation probabilityPy predominates when the
of field cyclesN,, the local maxima oP4 occur roughly at  molecular axis is in parallel with the field direction. In addi-
the same field period, indicating that the molecule tends tion, this distribution is much smaller around the perpendicu-
to gain energy and dissociate at some special field periodar direction than the parallel direction. Figurébftalso dis-
The transition frequency of the 18th state to the 19th state iBlays distributions but with different pulses. Notably, as the
3.844< 10 2 a.u. Although the HCP and few-cycle pulses Number of cycles increases, the angular distributiorPgf
behave similarly to the quasistatic field, the Keldysh paramP&comes more symmetric for both cases. This symmetry is

eter y=D¢/U,, for the HF molecule is substantially larger due to the following reasons. An HCP drives the molecule
than 1 in our calculation due to the heavy mass in the pon@round the field directior-z and dissociates the molecule in

deromotive potentiaUp=q§_E2m/(4,uw2), where we choose the —z direction during the interaction. Therefore, the disso-
0e=0.31 andw=27/T,. This range of Keldysh parameter ciation probability centers asymmetrically around theli-

implies that the multiphoton process should be viewed as &ection. On the other hand, the few-cycle pulses drive the
more important process than tunneling in HF dissociationwave packet back and forth, and the wave functions may
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ibn=50 fs.

FIG. 7. Same as Fig. 6 except all parameters correspond to (Big.(d HCP, (b) one-cycle pulse(c) two-cycle pulse(d) four-cycle

pulse. All pulses have the same durat
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0 2 4 6 8 10 Figures 6 and 7 present the spatial distribution of wave
T 4 functions at the end of the interaction in the cylindrical co-
o i(e) 18 ordinates. The field parameters correspond to those of the
A I cases in Figs. @ and 4b), respectively. According to our
o results, the spatial probability also reveals the spatial asym-

N 1 metric effect of the HCP pulse. From the above discussions
! L 0 we believe thata less oscillatory pulse is preferred when
A constructing a spatial localized wave pack&he less oscil-
SUNEERIE N latory pulse implies a broader frequency band, resulting in a
L W 6 wider angular momentum population distribution over acces-
N 14 sible angular components. This enhances the feasibility of
SN P constructing a molecular wave packet by on HCP.

L e 0 Figure 8 shows the energy spectra of fragments. For the
oo HCP case, the spectrum is broad banded and the pulse drives
AL gt 18 the system away unidirectionally. On the other hand, the
R 5 four-cycle pulse drives the system back and forth and the
T fragment spectra show a more complicated structure as in the
A P4(t) of Fig. 2. Notably, the energy peaks become clearer as
N 1 WP I the pulse duration increases. This is due to the fact to that the
0.8 system has a longer time to react with the oscillatory driving
(h) 06 field. Consequently, the fragment energy spectra display a
’ similar pattern to that of the above-threshold dissociation
0.4 (ATD) spectra, although the peaks are not totally evenly
102 spaced.

o 1 2 3 4 0 1 2 3 4 5

£/ €/ IV. CONCLUSION
P’/ pulse ulse
This work has studied how the pulse duration, number of

field cycles of the HCP, and few-cycle pulses affect the dis-

is summed over allin Fig. 5. (a)—(d) have the same parameters as sociation of t.he .HF molecule high-lyjng Yibrational states.
Figs. 4a), 5, and 6.(e) and () have the same parameters as I:igS.Our results indicate that the classical impulse approach

4(b) and 7. The entire spectra signal has been magnified by a factocthO_UId be a good approximation for_ the_ HF molecular disso-
10% and the abscissa scale @) and (h) differ from others. ciation when the HCP pulse duration is comparable to the

order of the vibrational time scale of the molecule. Besides,
Spread over both the-% and —2 directions. Consequenﬂy’ the angular distribution of the dissociative flux along the
our results reveal a more symmetric distribution arouncithe electric-field axis exhibits the molecular alignment with the
direction and the distribution slightly diffuses along the di-f'eId dlrect|on.'Study|ng thg phenomena of molecular_ wave
. . A . packet dynamics and its dissociation by the HCP with the
rection perpendicular ta. Thus, we can infer that the pulse one-dimensional potentidP8,29 is worthwhile. However,
oscillation form affects the angular distribution &f; and

his should refl h I distributi or realistic considerations, full dimensional investigation is
this should reflect on the angular momentum distribution c_’necessary. From the localization of the angular distribution
the dissociation signal. A higher asymmetric angular distri-

of the dissociation probability, this investigation demon-

_bution S.hOUId. Ie_ad to higher angular momentum COMPonents ;o the feasibility of creating a molecular wave packet in
in the dissociation signal. Therefore, Fig. 5 shows that th h

: &hree-dimensional form. The exploration of the construction
corresp_ondmg angular momentgm _components .have thgf such a wave packet and its evolution dynamics with or
same field parameters as those in Fig)4The significant it ot external field is currently under investigation.
angular components of the dissociative fragment decrease as

the number of cycles increases, and the fragment energy

spectra of each angular component are narrower for the four- ACKNOWLEDGMENT
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