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Photodissociation dynamics via a rovibrational resonance in intense UV pulses is investigated theoretically,
using a showcase CH' molecule promoted to the C ! = valence excited electronic state with a potential barrier,
thus giving access to study shape resonance controlled by the pulse frequency. Simulations of the kinetic energy
release (KER) and angular distribution of the photofragments (ADP) spectra show dramatic differences for the
cases when the pulse is tuned on and off the rovibrational resonance. It shows that as the increasing pulse intensity
for the transitions to shape resonance, the KER spectra develop into new and higher energy peaks overlying on
the broadened background, which is explained by the involvement of other resonances with higher partial waves
through electronic Rabi flopping between the ground and excited electronic states. Those nonlinear contribution
increases drastically the probability of photofragmentation along the laser polarization in the ADP spectra. The
coincident KER-ADP spectra reveal clearly the correlated dynamics in the vicinity of the dissociation barrier.
The present work opens possibilities for the manipulation of ultrafast photodissociation dynamics with the help

of resonance states in the continuum.
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I. INTRODUCTION

Numerous light-induced ultrafast processes in atoms and
molecules have been revealed and investigated [1-7], with the
development of ultrashort and intense high-frequency laser
sources [8—15]. In that context, photodissociation has attracted
a broad interest in the past years due to versatile applications
in UV and soft x-ray range [6,16—18]. To mention a few: the
highly spin-polarized deuterium source can be obtained via
the photodissociation of deuterium iodide [19]; the sponta-
neous relaxation of CH™ to its lowest rotational states can be
monitored by studying photodissociation of an internally cold
beam of CH™ ions in a cryogenic storage ring [20]; the control
of ultracold photodissociation with magnetic fields shows that
ultracold molecule techniques allow a high level of control
over basic chemical reactions with weak applied fields [21];
and crossed beam photodissociation imaging of HeH" with
vacuum ultraviolet free-electron laser pulses shows that the
photodissociation perpendicular to the laser polarization has a
clear dominance [22].

Resonant excitation plays an important role in diverse
dynamic processes. For example, an asymmetric time delay
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was observed originating from the interference between res-
onant and nonresonant photoionization pathways [23]; the
photoassociation rates can be enhanced by several orders of
magnitude by nonresonant-light control of shape resonances
[24]; the Rabi oscillations with long decay time between an
atom pair and a molecule in an optical lattice were observed as
a result of extremely small transition rate that is overcome by
enhanced Franck-Condon factor of a weakly bound Feshbach
molecule [25]; the electron-scattering dynamics dominated by
a shape resonance shifted to lower energies due to molecular
bond stretches during the evolution of a vibrational wave
packet [26]; the molecular-frame anisotropies of the pho-
torecombination amplitudes and phases caused by a shape
resonance have also been revealed [27].

In previous studies devoted to photodissociation dynamics,
the effect of electron-rotation coupling (R—£2 coupling) in
diatomics by intense UV and x-ray pulses have been deeply
investigated [28—-32]. In particular, the effect of light-induced
conical intersection on the photodissociation dynamics of the
D;r molecule have been discussed [33-36], the effect of the
lowest-lying IT electronic state in the photodissociation dy-
namics of LiF have been analyzed [37,38]; carrier-envelope
phase effect of a sub-cycle UV pulse on the asymmetry of
angular photofragments has also been revealed [39]. There
is also an amount of work discussing the importance of res-
onances in molecular photodissociation, the van der Waals
complex dissociation is analyzed based on the concept of
resonance [40]; the photodissociation spectrum and the energy
distribution of the photofragments is explained in terms of
the shape resonances [41]; the electronic Feshbach resonance
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FIG. 1. (a) Potential energy curves (PECs) of CH™ for the ground
X1's* and first valence excited C!x* electronic states; (b) the
permanent dipole moments (PDM) and the transition dipole mo-
ments (TDM) for the two electronic states (data are reproduced from
Ref. [46]). The strong UV pulse with @ = 8.25 eV is tuned into the
resonance with v = 2 vibrational level leading to direct fragmenta-
tion, and another case with @ = 8.53 eV above the potential barrier
is studied for comparison.

and the existence of negative binding-energy states in neutral
atoms is observed in soft x-ray-induced O, dissociation [42].
However, there are not too many studies on photodissoci-
ation via resonances by intense pulses. It was shown that
molecular photodissociation can be controlled through intense
field zero-width resonances [43], the resonance coalescence
in photodissociation provides a way to transfer completely
the nondissociated molecules from one vibronic state to
another [44].

In the present work, we study photodissociation dynamics
in the vicinity of a rovibrational resonance state by intense UV
pulses. We consider diatomic CH™ molecule as a showcase,
excited from its ground X ' £+ to first valence-excited disso-
ciative state C ' ©* with a potential barrier (more than 1.3 eV
below state 3! ™), which has been well studied to support
shape resonances [45,46]. Figure 1 illustrates the transition
scheme, involved potential energy curves (PECs), as well as
the dipole moments of the molecule. The PEC of the dissocia-
tive state C ! =T shows two minima that are located at about
2.4 a.u. and 6.4 a.u. [46], the three vibrational levels or shape
resonances of the first potential well are displayed in Fig. 1(a).
The resonant UV pulse with o = 8.25 eV promotes CH™ from
its ground state X ' 2T to the rovibrational resonance state
v =2 of state C' o+, triggering the molecular dissociation,
as the lifetime for this resonance state is just about 81 fs [46].
Contrast to the resonance excitation, a nonresonant UV pulse
with w = 8.53 eV promoting molecule directly to a dissocia-
tive continuum is also studied for comparison. Kinetic energy
release (KER) and angular distribution of the photofragments
(ADP) spectra, as well as the coincidence KER-ADP map are
detected to display information of the dissociation dynamics.
We show that with an increase of the pulse intensity, additional
resonance peak appears overlapping on the broadened KER
spectra, and the intensity of ADP increases around 8 = 0 or
along the laser field polarization vector. As we will show, the

observed intensity dependence of the KER and ADP spectra
can be explained by contribution from higher partial waves
involved through electronic Rabi flopping between the elec-
tronic states X ' o+ and C' o+,

The paper is organized as follows. Theoretical approach
to photodissociation dynamics in intense UV pulses is in-
troduced briefly in Sec. II. Section III is devoted to the
discussions of the KER, ADP, and the coincident KER-ADP
spectra. Conclusions are given in Sec. [V. Atomic units (a.u.)
are used through the whole paper if otherwise not stated
explicitly.

II. COMPUTATIONAL METHODS

Photodissociation of CH* molecule by a linearly polarized
laser field e(w, t) with polarization along space-fixed Z axis
could be described by the following nuclear Hamiltonian:

% 0
H(g,1) =[T,(q) + Te(@)] + ( X vc<q>>
N <Txx<q,t> T;C@,,t)) n
Txc(q,t) Tcelg,t)
The first term includes the vibrational 7, = —ﬁ and

. 2 .. .
rotational Tgr = anf—qz kinetic operators, where m, is the
'

reduced mass of CH'T molecule, q is the internuclear dis-
tance, R is the nuclear rotational angular momentum and
R2=J2—-Q2% with J and Q = A + X are the total an-
gular momentum and the total interior angular momentum
about the molecular-fixed z axis, respectively, and A and
% are the projections of the total orbital angular moment
L and spin S onto the molecular-fixed z axis [47]. For sin-
glet state Iy A =3 =0 and R? = J?. In the second term,
Vx(g) and V¢(q) correspond to the potential energy curves
of states X'v* and C'x¥, respectively [Fig. 1(a)]. Note
that the resonant excitation dominates the lost of dissociative
state to higher electronic states by sequential multiphoton
excitation/ionization, higher electronic states are supposed
to minorly reduce the total dissociation dynamics and not
included [33-36]. The laser-molecule dipole interaction is de-
scribed in the third term, where T;;(q, t) = u;;(q)e(w, t)cosf
with u;;(g) being the (transition) dipole moment [Fig. 1(b)]
between electronic states i and j ({i, j} = {X, C}), and B is the
angle between molecular z axis and laser polarization along
Z axis. The UV pulse is modeled as e(w, 1) = gog(t)cos(wt),
with peak intensity I = |go|* and 7 = 50 fs Gaussian envelope
g(t) = exp(—1*/7?).

Solution of the nonstationary Schrodinger equation with
Hamiltonian (1) allows us to find time-dependent rovibra-
tional wave packet |Pc (7)) in the excited dissociative state
C!'y*. The dissociation dynamics, as well as KER and
ADP spectra can be then computed using complex absorb-
ing potential (CAP) technique in the form of —iW(g) =
—in(q — q.)*©(q — q.), where 7 is the CAP strength, ¢, is
the point where the CAP is switched on, ® is Heaviside’s step
function. The KER-ADP coincident spectra for dissociation
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FIG. 2. (a), (b) KER spectra and (c), (d) ADP of the disso-
ciation fragments from the C'x* state with the UV frequencies
w = 8.25 eV [(a), (c)] and w = 8.53 eV [(b), (d)], respectively. The
calculations are performed for six UV pulse intensities shown by
different line colors and symbols [see the legends in (a)].

fragments in the upper state C ' % can be computed as [48]

1

P(BE) = —
J

f ) / (eI [Dc e drdr,
0 0
@

where w; is the weight factor corresponding to the relevant
grid point in the applied DVR basis, W, is the projection
of the CAP on a specific grid point associated with the
rotational degree of freedom. Through integrating the ki-
netic energy or angle of P(B;, E), the one-dimensional ADP
spectra and KER spectra can be achieved as Pinge(8;) =

L[ @)Wy | @c(t)dr and Pegp(E) = L [ [ (@c

(OIW | Dc(t))e ECdrdr’, respectively. And total dissocia-
tion yield can be obtained through integration over all frag-
ment energies and emission angles as P = [;" [ P(B;, E)
sin fdEdS = [ Pungie(B)) sin BdB = [5° Pxer(E)dE.

The simulations are performed with the Heidelberg MCTDH
package [48,49]. The vibrational degrees of freedom (DOF) ¢
is described by sin-DVRs equally distributed (Ag = 0.1 a.u.)
in the region of [1.0-80.0] and [1.0-90.0] a.u. for resonance
and nonresonance case; 101 basis functions have been used
for the rotational DOF g by L?-normalized Legendre poly-

nomials P;(8) =,/ ZJT“ E;;%;:P}” (cosB), where PY (cosp) is

the associated Legendre functions and M = 0 in the present
work. The number of single particle functions for both DOF
on the two electronic states is 20, and the CAP is applied at
the end of last 10 a.u. grid with n = 3 x 1075 a.u.

III. RESULTS AND DISCUSSIONS

The cold ensemble is assumed that CH' molecule is ini-
tially at v = 0 and Jy = 0 of ground electronic state X ' .
Figure 2 shows the variations of KER and ADP spectra of
dissociative state C!'xT by different intense pulses, with
w = 8.25 eV resonant on the shape resonance v = 2 of the

potential barrier [46], another case with nonresonant w =
8.53 eV above the potential barrier is also studied for compar-
ison. The KER spectrum consists of a single peak at around

0.533 eV by the low intense pulse (1 x 10'2 W/cm®) as shown
in Fig. 2(a), corresponding to the resonant excitation to p-
wave (J = 1) resonance at v = 2 level of the dissociative state
C!x*; while the KER spectrum for nonresonant excitation
above the potential barrier [Fig. 2(b)] shows a peak at around
0.810 eV, with peak width determined by the bandwidth of
pump pulse (about 0.05 eV). Increasing of pulse intensity
results into the shift of resonance spectra towards higher KER
and the formation of additional peaks at about 0.543 eV and
0.562 eV. Besides the varying of spectra intensity, a broad
background is developed as the increasing of field intensity for
nonresonant excitations [Figs. 2(a) and 2(c)], due to the broad-
ening of energy levels dressed by intense field [28,29,50].

Since the pulse is shorter than the lifetime of p-wave rovi-
brational resonance (about 80 fs [46]), the selection rule AJ =
+1 allows the excitation of higher odd waves of state C'x+
by intense pulse through Rabi flopping between states X ' o+
and C'yt, resulting into the involvement and contribution
of higher-wave (as J = 3,5, ...) rovibrational resonances in
the KER spectra, their energy levels relative to level v =2
of state C '+ are about J(J + 1)/(2m,q>_,), where ¢,—5 is
the expectation value of ¢ at v = 2 of state C! 2 7. 0.543 eV
and 0.562 eV are exactly the energy positions of rovibrational
resonances J = 3 and J = 5 at v = 2 of state C!=*. These
resonance structures could be changed by more intense pulse
from the light-induced potential.

Figures 2(c) and 2(d) present the ADP spectra for differ-
ent pulse intensities. The ADP spectrum shows the typical
cos?-like profile at weak intensity for the present ¥ — X tran-
sition. With the increasing of pulse intensity, the ADP deviates
sufficiently from the cos-like profile; for dissociation via
resonances, the fragments act more likely to release along
the laser polarization (8 ~ 0), and a limited plateau around
B ~ 0.25m is gradually built and becomes significant when

the pulse intensity reaches 1 x 10 W/cmz; while for the
dissociation above potential barrier, a broad plateau starting
from B =~ 0 is formed and gradually extended up to 8 >~ 0.37

when I = 1 x 10" W/cm®, such a feature is consistent with
the results revealed in previous work [28]. These features are
related to different rotational excitations for different KER;
in the following, the correlated dynamics of fragments with
respect to KER and releasing angle are studied by coincident
KER-ADP spectra.

Figure 3 shows the KER-ADP coincidence spectra by dif-
ferent intense pulses with central frequency via the shape
resonance [Figs. 3(a), 3(c), and 3(e)], and above the potential
barrier [Figs. 3(b), 3(d), and 3(f)]. As it clearly shows, with
the increasing of pulse intensity, the coincident pattern via
resonance develops into multipeak structures in both KER
axis and angle axis [Figs. 3(a), 3(c), and 3(e)], mainly locating
at B ~ 0; while the spectra by pulse above the potential barrier
become broader in KER axis with peak pattern shifting to
higher angle region [Figs. 3(b), 3(d), and 3(f)] from 8 >~ 0 to
B >~ 0.37. Compared with the conventional one-dimensional
angle-integrated KER and energy-integrated ADP shown in
Fig. 2, the coincidence KER-ADP spectra provide more
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FIG. 3. Coincident KER-ADP spectra for (a), (c), () resonance
excitation w = 8.25 eV and (b), (d), (f) nonresonance excitation
® = 8.53 eV, with three pulse intensities 2 x 10" Wiem® [(a), (b)],
6 x 1013 W/em® [(c), (d)], and 1 x 10" W/em” [(e), ()]. The dotted
lines from bottom to top in (a), (c), (e) corresponding to the energy
levels of rovibrational resonances pertaining to states J = 1, 3, and
5, respectively; the dotted lines in (b), (d), (f) indicate the energy of
direct stimulating.

details about the correlated dynamics and more degrees
of freedom to investigate the nonlinear photodissociation
process.

More detailed analysis for the structures shown in the
correlation pattern are presented in Fig. 4 for intermedi-
ate intensity / = 8 x 10'3 Wiem’. As presented in Fig. 4(a),
for dissociation via resonance, cases with KER = 0.533,
0.543, and 0.562 eV are selected [marked as E(J1), E(J3),
and E(J5)], corresponding to the energy levels of rovibra-
tional resonances pertaining to J = 1, 3, and 5, respectively,
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FIG. 4. Coincidence KER-ADP spectra for (a) resonance exci-
tation w = 8.25 eV and (b) nonresonance excitation w = 8.53 eV
with the UV pulse intensity 7 = 8 x 10'3> W/em®. Correspondent
ADP profiles [(c), (d)] for several fixed KER shown in (a) and (b),
solid lines and dotted lines are the ADP obtained by coincidence
spectra using using Eq. (2) and reconstructed ones using Eq. (4),
respectively.

and the case of KER = 0.510 eV (marked as E’) below
resonance is also selected for comparison. For dissociation
above potential barrier as shown in Fig. 4(b), cases with
KER = 0.75, 0.80, 0.81, and 0.85 eV around the peak spectra
are selected (marked as E'1, E2, E3, and E4, respectively), E3
locates exactly at the peak. The corresponding ADP spectra
for these selected cases are shown as solid lines in Figs. 4(c)
and 4(d). The spectra of E(J3) and E(J5) show one- and
two-node structures, typical distributions for rotational states
of J =3 and J =5, respectively; the spectra of E2 show an
important plateau from 8 ~ 0 to 8 ~ 0.27, and the spectra
of E3 exhibit significant peak at about g =~ 0.25rm. These
quite different features could be interpreted as the different
interference results between the rotational states, based on the
technique of constructing the spectra, as shown in Figs. 4(c)
and 4(d) as the dotted lines.

The time-dependent rovibrational wave packet in dissocia-
tive state C!= 7 in a finite space after pump pulse can be
expressed as

Dc(q. B.1) =Y Cle o] (@)Pi(B). 3)
J.E

where ¢ is the time with respect to pump pulse center,
¢%(q) and E are the vibrational eigenfunction and eigen-

value, respectively, for Hamiltonian Hc(q)z _#zaqz"}_
J;yfql) + Ve(g) (including centrifugal potential from to-

tal angular momentum J), P;(B) is the L>-normalized
Legendre polynomials (see last paragraph of Sec. II),
the coefficient C can be calculated through projec-
tion as Cj = (¢} ()P (B)e 1| @c(q. f.1)). The angu-
lar dlstrlbutlon at a specific energy E can be cal-
culated at large time as zﬁlge(ﬂ)zf@C(q B.1)|?dg =

qu| ZJ CJ o (q)PJ(,B)I2 Since ¢} £(q) is almost invariant
for not highly excited J, we can reach the well-approximated
relation as

2

Pl e (B) = Z |CE e Py(p))| )

0¥ is the phase of different J state. Supposing the norm ICf: 7!
dominates others, we can set 6% 5, =0, then 6% indicates
the relative phase with respect to state J = Jy. As clearly
presented in Figs. 4(c) and 4(d) the reconstructed spectra
(dotted lines) using Eq. (4) agree well with the calculated
ones (solid lines) using Eq. (2). Note that general agreements
of dissociation above potential barrier are better than that of
dissociation via resonance, it comes from the fact that, the
resonance state with higher density of state is much more
difficult to be mimicked with the same mesh grid and DVRs.
The corresponding norm |C¥| and relative phase 6F for these
spectra are collected in Table I.

As it follows from Table I, for cases of KER =
E(J1), E(J3), and E(J5) (where the rovibrational resonances
locate), dominated higher rotational states are gradually
excited through electronic Rabi flopping. Explicitly, when
KER = E(J1), |C¥| is a little smaller than |C5| (but much
larger than others), states J =1 and J = 3 superpose ‘in-
phase’ (9% in the right quadrant), resulting into the main
structure of ‘monotonic’ decreasing with a slow decreasing
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TABLE 1. The parameters in the ADP profile at specific KER
energies, where PZ, () ~ | Y, |CF|e P,(B)I?, |C}| is the norm
of P;(B), and GJE (in units of ) is the relative phase.

E' E(JI1) E(J3) E(JS) EI1 E2 E3 E4

ICE| 734 1190 742 428 241 1326 1696 521
IC5| 647 1546 29.06 343 147 785 850 083
ICE| 396 591 7.83 1270 059 2.18 222 0.38
ICE| 149 208 225 246 0.8 045 044 0.17
ICE] 040 053 058 059 004 008 007 004
ICEl 008 011 012 012 001 001 001 001
of 0.00 —0.33 —0.63 0.60 0.00 0.00 0.00 0.00
0f 030 0.00 0.00 —045 022 057 0.68 0.64
ot 069 054 022 0.00 055 —0.80 —0.69 —0.29
% —093 1.00 070 0.06 —0.98 —0.19 —0.09 0.15
05 —055 —0.63 —0.92 043 —047 038 047 0.63
6% —-021 —0.28 —-0.57 076 0.04 0.93 —0.99 —0.87

plateau at around 8 ~ 0.357, and the nonignorable contribu-
tions from ‘out-phase’ states J = 5 and J = 7 (6% in the left
quadrant) destruct the releasing probability at around 8 >~ 0;
IC5| (or |CE|) are much larger than others when KER =
E(J3) (E(JS)), resulting into its main structure following the
distribution of state / = 3 (J = 5), the ‘in-phase’ state J = 5
(J/ =3 and 7) increases the releasing probability along the
laser polarization (8 >~ 0), while the ‘out-phase’ states J = 1
andJ =7 (J = 1) lift the node at about 8 ~ 0.27 (8 >~ 0.37)
and destruct the releasing probability at around 8 >~ 0.

For other cases not via resonances, the coefficient |C}E |
decreases as J increases. Cases of KER = E’ and KER =
E'1 are below the resonant frequency and show quite similar
‘monotonic’ decreasing spectra, mainly from the ‘in-phase’
interference between states J =1 and J = 3. When KER
varies from E1 to E4, to E2 and to E3 (closer to the peak
position at KER = E3), states / =1 and J = 3 turn into
‘out-phase’ and the relative intensity of |C¥| increases, as
shown in Table I. Since P;—;(8) and P,—3(8) evolve in-phase
(out-phase) in the forward (backward) region, states J = 1 and
J = 3 with ‘out-phase’ destruct and construct the probabilities
when 8 < 0.57 and 8 > 0.57, respectively, resulting into the

reducing and rising of probabilities at around 8 >~ 0 and 8 ~
0.257, the nonignorable ‘out-phase’ state J = 5 also destructs
the releasing probability at around 8 =~ 0. With the increasing
of pulse intensity, the building of ‘out-phase’ higher rota-
tional states and their superposition with J = 1 contribute the
shifting of peak pattern to higher angle region as shown in
Figs. 3(b), 3(d), and 3(f), or the development of a plateau as
shown in Fig. 2(d).

IV. CONCLUSION

In summary, the photodissociation dynamics induced by
the intense UV pulse tuned to the rovibrational resonance v =
2 of the dissociative state C' =" of CH" molecules has been
studied theoretically, nonresonant excitation case above the
potential barrier is also studied for comparison. We numeri-
cally studied the kinetic energy release of the photofragments,
the angular distribution of the photofragments, as well as the
coincident spectra of angular distribution and kinetic energy
of the photofragments. Using those observable values, we dis-
cuss the features of photodissociation dynamics via resonance
or not. It was shown that, in the case of weak UV field, the
KER spectra consist of a single resonance, increasing of the
field intensity results the appearance of additional spectral
structures, due to the involved of higher partial waves through
electronic Rabi flopping. The involvement and domination of
higher rovibrational states in strong fields result in additional
maxima in ADP profile, in addition to the peak at 8 = 0. The
studied coincident KER-ADP spectra clearly represent the
correlated dissociation dynamics induced and perturbed by
intense UV pulse, the characteristics cannot be observed from
separate integrated KER and ADP spectra. The numerical
analysis of constructing the ADP profile for a specific energy
allows us to get details of rotational wave packet. The present
development shows new possibilities for the manipulation of
ultrafast photodissociation dynamics in the strong fields.
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