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Diatomic molecule under pulsed field: One-dimensional versus full-dimensional studies
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This work investigates the dissociation dynamics of a diatomic molecule under the chirped pulse with the
vibrational and rotational degrees of freedom. Results obtained herein are also compared with those of the
conventionally used one-dimensiorfdD) model. According to the comparison, the 1D model still provides
valuable information such as dissociation dynamics. Meanwhile, predictions such as harmonic generation
spectrum from the 1D model are impractide$1050-29478)07009-7

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

I. INTRODUCTION I. FORMULATION AND CALCULATION

Initially studied herein are the quantum dynamics of di-

The one-dimensiondlLD) model for a diatomic molecule atomic molecule HF under the interaction of a chirped pulse.
is frequently employed to examine molecular behavior undekJnder the Born-Oppenheimer approximation, the vibrational
the interaction of a light field. However, a majority of these and rotational states in the ground electronic state can be
studies have neglected the rotational effect and the couplingescribed by the Hamiltonian
between rotational and vibrational states. The 1D model also
assumes that the molecular axis is perfectly aligned with the A — 92 (2
external field throughout the interaction time and is much Hozm +ﬁ+De[1—e_“(R_R°)]Z- (1)
easier to calculate than the full-dimensional study. Therefore K K
the 1D model is occasionally viewed as made for computa- )
tional convenience onljl]. In addition, relatively few full- 10 model the HF molecule, the potential parametbrs
dimensional calculationgl—3] are available in previous lit- = 0-225, @=1.1741, u=1744.8423 andR,=1.7329 are

erature. Therefore closely examining the 1D model and thé'se?’,WhgrER denotes thﬁ reI:(ajtive goordinatfe of the:torr&icF
full-dimensional studies involving the interaction of a di- nuclei andu represents the reduced mass of atoms H and F.

atomic molecule with light pulse is a worthwhile task. In this The atomic units are used hereafter unless otherwise stated.

study we demonstrate that although rather simplified, the 1|§)m|tt|ng the rotational tgrrrLZ/ZMRZ reduces the system

model occasionally provides valuable information regarding'nto the 1D m_odel: In addltlon., the l_mperturbed Hamllton!an

the dissociation behavior. supports 24 V|br_at|onal states; rotational levels are associated
o with each vibrational state as well.

The coherent control of the molecular photoexcitation has The electric field of the chirped pulse can be expressed as
received increasing interest recenitly;4—10. The extent to
which chirped pulses excite the 1D model of a diatomic mol-
ecule has also attracted much attention. A recent study has
indicated that the threshold laser intensity for significant dis-
sociation with chirped pulse has been reduced to arouttl 10Where
W/cn?. Under such a circumstance, the ionization process
can thus be neglectedt,5,9,10. Investigations also used t\"
femtosecond chirped pulses to excite the inert gas atoms and 1= an(T_o> } ©
produce higher harmonics than expectéd—15. We have
elucidated the detailed dissociation dynamics of a 1D diyya gelect the initial frequenco= 11015,

atomic molecule recentlyl6]. We explore herein the promi- esonant frequency of the ground and the first excited vibra-
nent rotational effects. . ~tional levels. Also for convenience (), is defined as the
The rest of this article is organized as follows. Section llgptical cycle. In addition, the fact that the vibrational energy
describes the formulation and numerical method proposefével spacing gradually decreases from lower to higher levels
herein. Results and discussions are presented in Sec. Ihccounts for why the blue to red chirping in E8) provides
Conclusions are finally made in Sec. IV. a climbing ladder for the pumping process. Our previous
study of chirped excitation in the 1D modEl6] demon-
strated that the quadratic chirpifig=2 in Eq.(3)] is more
*Author to whom correspondence should be addressed: URLefficient in dissociation than linear chirpingi=1 in Eq.
http://www.phys.nctu.edu.tw/~jiang/ (3)]. However, using linear chirping to ensure the experi-

E()=EnU(t)sin Q¢ (t)t], 2

Q(t)=Qg

wherews, is the
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mental feasibility[17] is a more practical measure. The en- n=1+1" lmax
velope functionU(t) used to model the pulse shape is ex- G,,(R;t)= >, > (—1)™(+i)"(2n+1)
pressed as n=i—1'| =0
I n |
t/to fort<tg J2l +1)(2I’+1)jn(kR)><F|(R;t)< o o o)
u(t)= 1.0 fortg<t<Ty—tg 4
(To—D/ty for To—te<t<T,, o ) 10
-m 0 m)’
whereT, denotes the total pulse duration, and the rising time
and switching-off time, are set to ten optical cycles. For the where
field linearly polarized along the direction, the time-
dependent Schdinger equation is ( ER P '3)
mg mp; mg
0 P . . . .
|hﬁ|‘lf>= 2—+V|(R)—qu(t)-R | v, (5) is the Wigner 3j symbol [21], Q=(6,¢), k=]|E(t
K +A/2)|A andj,(kR) is the spherical Bessel function of or-
- dern.
where the effective potential i,(R)=D[1—e™ “(R"Ro]? During the calculation, an adaptive method is applied for

+1(1+1)/(2uR?). The effective charge, is taken to be the 1D calculation. A range of 15.7 a.u. and 256 mesh points
0.31. For the 1D calculation, we set the rotational angulagre initially used. Whenever the wave function hits the outer
momentuml to zero and taked=0 in the above equation. houndary, we increase the coordinate range and grid points
While comparing our results with those in previous litera-[16]. For the full-dimensional calculation, under the intensity
ture, we merely use the linear form of the dipole function asof 10" W/cnm? and 300 optical cycle pulse studied herein, a
a model study despite the fact that a more practical form capange of radial coordinate 46 a.u., 1024 grid points, and 45
be found[1,18]. In a related study, Yuan and Liu compared partial waves in angular expansion are used. A filter is placed
the dissociation behavior of a 1D model NO molecule withat the outer coordinate boundary. The portion filtered out is

linear and realistic dipole functiori40]. about 4% at the end of the pulse. Also, the population of the
The above time-dependent system is propagated by thgighest angular momentum partial wave is less tharf'1(n
split-operator algorithnj19]: the field-free calibration, the norm of wave function is accu-
rate to the eighth decimal place during 300 optical cycles.
P(t+A)=exd —i(P4u)Alexd —iV,(R)(A/2)] The dissociation probabilit4(t) is defined as
X exg iqeE(t)RcospA Jexd —iV (R)(A/2 24 max
Hide f ) Jexd =iV |(R)(A/2)] P=1-3 3 P, (1), 11
Xexd —i(P/4u) ATy (t) +O(A3), (6) y=1I=0

L where P, (t)=[(#,,(t)|#(t))]* denotes the population of
where symbolicallyp=—id/JR. We expand the state func- the|th-rotational level of thesth-vibrational state at time.

tion in partial waves: The alignment of the molecule with the external field has
| received extensive attention. Herein, we calculate the align-
max ment probability for a certain angle, as
URQD =2 FIRDYIm(Q). (7)

fa
Pa”gn=27TJ |4(R, 6;t)|>dRsinAd 6
The state function is transformed alternatively between coor- 0
dinate and momentum space by the fast-Fourier-transform -
method[20]. For the linearly polarized field, the magnetic +277J |4(R, 0;1)|>dRsinAd . (12
guantum number is conserved and hence the system is actu- 7 0a
ally two dimensional. In addition, the propagation of the di-

pole coupling term can be analytically solved. Since The time history of alignment probability provides further

information regarding the rotational motion.

g@*ikRcosd E (F)"W4m(2n+1)j(kKR)Y,o(Q), (8) Ill. RESULTS AND DISCUSSION
n=0 '
In the following, we compare the results of a 1D and a
the following expansion can be made: full-dimensional HF under the dipole interaction. According

to the comparison, the external chirped pulse intensity is
o 10 Wicn?, Qo=1.1w,,. The pulse duratioff is 120 op-
ekReO (R O:t)= D G(Ri1)Y| (). (9) tical cycles ¢-917 fs) for the 1D model and is 300 optical
=0 ’ cycles (~2.3 ps) for the full-dimensional case. The chirping
is linear witha;=0.5 for both cases. In addition, the system
Then, the time-dependent radial part becomes is initially prepared in the ground state=1, |=0.
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situation in which the motion of the 1D molecule moves in
the field direction only while the real diatomic molecule has
a further degree of rotation; the correspondence is not mean-
ingless. The time lag of the arising of the 3D excited states
with respect to the 1D model can be accounted for by the
matrix elements described below. The 3D dipole matrix ele-
mentMf[il',,w:(:ﬁl,l’|Rcosﬁ|v,l) is related to the 1D
matrix through

[+1
(21+3)(21+1)

M3D

v+1)7l O 1+1

|
e -1

whereM}?, =(¢,.1|R|#,) denotes the 1D dipole matrix
element between neighboring states. The magnitude of
M3, .., is at most 1{/3 of M1%, . Besides, rotational
selection rules discourage the transitions. We can thus infer
that the effect of the rotational degree of freedom in a 3D
molecule reduces the alignment along the field in compari-
son to the 1D model. In addition, a factor of about 3 times
duration is deemed necessary to arrive at the same vibra-

M JI;E].,V ’ (13)

FIG. 1. Population history of some vibrational states under thetional excited state.
linear chirping pulse of intensity #® Wicn?, «;=0.5, initial fre-
quency is 1.b;,. (3) One-dimensional results with pulse length the coarse-grained WignéEGW) density for both 1D and
120 optical cycles(b) Full-dimensional results with pulse length real HE under the chirped pulse. The CGW is definef2a$

300 optical cycles.

Whether or not the 1D calculation is valid for the important

To further understand the dissociation dynamics, we plot

pr((r)(pY;t) = (11271) [ by (ol DI, (14

rotational degree of freedom having been totally neglected i&/here ¢ (p) is the minimum uncertainty wave packet

of relevant interest. Therefore we compare the dissociation
behaviors of the 1D model and full-dimensional calculation

first. Figures 1a) and Xb) depict the population history of
some vibrational states for 1D and full dimensi@ummed
over all rotational states to each vibration leyealespec-
tively. Although the detailed dissociation dynamics differ The real HF wave function in this study is two dimensional.
from each other for the two cases, the corresponding excite@iherefore we take the-directional wave functiony(R, 6
states appear at roughly the same position if we scale the 0;t) in the calculation of CGW to compare with the 1D
time by the total pulse duration, respectively. Consider acase. Figure 2 displays the CGW of the 1D case at the mo-

<R—<r>>2)
4(Ar)2 |’
(15)

1 i
bir)(p)(R)= m‘exp( 7 (P)R-

FIG. 2. Coarse-grained Wigner density plot of
1D model under the chirped pulse. The density
levels linearly decrease from the inner to outer

contour.
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ments of 0, 40, 80, and 120 optical cycles. The density level$1Hz). Comparing the period with the natural rotational fre-
decrease linearly from the inner to the outer contours. Figurquency of HF (-1 255 400 MHz)[24] reveals that the os-
3 illustrates the correspondence in the real HF case, but at tledllation frequency is about 1.44 times the rotational fre-
moments of 0, 100, 200, and 300 optical cycles. Althoughguency. The motion is hindered rotating around the field
they are 1D and 2D systems, respectively, their flows inpolarization axis.
phase space density closely resemble each other if the time in Finally the harmonic generatiofHG) spectra are calcu-
each case is scaled again by the total pulse duration, respdeted by taking the Fourier transform of the accelerated di-
tively. _ o _ ~_pole momen{25] P(w)=|1/27* .(z)e '“'dt|> where(Z)

Also investigated herein is the alignment of a realistic HFgenotes the quantum expectation of the accelerated dipole
under linear polarized light, wher@,q, is defined in EQ.  moment in the polarization direction arw) represents

! the 1D model without chirping. Figure(y depicts the HG
=m/12, andP,jg,=13.4% for 6,= /6. Figure 4 plots the gpectrum of the 1D model also but with linear chirpiag

probability is spherically symmetricP,4,=3.4% for 6,

probability P g, vs time for anglesf,= /12 and /6, re-

=0.5. Figure %) depicts the HG spectrum of a real HF

spectively. The alignmegnt of HF molecules under the chirpedyithout chirping and Fig. &) illustrates that for a real HF
pulse ofa; =0.5, | =10'> W/en? is unlike the dissociative pyt with linear chirpinge,=0.5. All the four plots are under
ionization process in that the strong alignment arises fromntensity | =103 W/cn?, Qo=1.1w0,,. The pulse duration

the fragmented ions during the interaction with a strong fieldg 120 optical cycles for the 1D model and is 300 optical
(1=10 W/cn? in the experiment of Normanet al. on the

target of CO [23]. Nevertheless, significant alignment prob- -5
ability Pign is observed. According to Fig. 4, the alignment _ @ (o)
probability oscillates at a period of about 554 fs1 805 054 2 -10 |
&
1.0 e sl
0.8 5
g el (c) (d
a,
g
= 15 p
=20 1 1 1 L L
2 4 [¢] 8 4 6 8
,,,,,, . W/, /e,

0.0

chirped pulse. Dotted line is fof,= /12 and solid line is ford,

respectively.

time in cycle

200 300

FIG. 5. Harmonic generation spectra under the field intensity
10" Wi/cn?, initial frequency is 1.»,,. The pulse length for 1D
FIG. 4. Alignment probability vs time for the real HF under a is 120 optical cycles and is 300 optical cycles for the full-
dimensional cas€a) The chirping-free 1D caséb) linear chirped
=7/6. For a field-free case, the probability is 3.4% and 13.4%,1D results,(c) chirping-free full-dimensional case, arid) linear

chirped full-dimensional spectrum.
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cycles for a real HF case. Notably, in the chirping-free casethe real case. The coarse-grained Wigner density plots dis-
the even orders appear in 1D but disappear in 3D due to thelay a similar tendency. Closely examining the rotational
spherical symmetry of the 3D potentid@6]. There are sat- alignment with field reveals that the motion is hindered, and
ellite lobes located around the principal peaks coming fronoscillates along the field axis slightly faster than the rota-
the rotational transition in the real HF case. Figuréb) &nd  tional time scale. From the time history of the alignment
5(d) reveal that the spectra become broadbanded under thgobability, the molecule obviously spends most of its time
chirped pulse. In addition, the HG spectrum intensity of thein the z direction on a rotational period scale. From the di-
real HF case is on the order of a magnitude smaller than thpole matrix element formula, we can conclude that the rota-
corresponding 1D spectrum. This again reveals that the rotdional effect decreases the coupling strength among different
tion weakens the transition probability. Therefore simulationstates in comparing with the 1D matrix elements. Moreover,
of the harmonic generation by the 1D model would be im-the harmonic generation spectrum from the 1D simulation is
practical in the molecular photoexcitation. unreliable.

IV. CONCLUSIONS
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