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Electron-rotation coupling in UV photodissociation of aligned diatomics
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We investigate the effect of electron-rotation coupling (R−� coupling) on fs UV photodissociation dynamics
of aligned diatomic molecules. We consider the showcase of ground-state MgH+ (1�+) pumped by an fs IR
pulse, which initiates rotational dynamics leading to field-free molecular alignment. A time-delayed fs UV
pulse probes the degree of alignment of the rotational wave packet in the framework of photodissociation
spectroscopy. The molecular alignment correlates directly with the angular distribution of the photofragments
in the dissociative 1� state, as it is shown in our simulations comparing the cases when the R−� coupling is
included and ignored. We show how the angular distribution of the photofragment is strongly affected by the
R−� coupling at various delay times with specific molecular alignment. It was shown that increases of the fs
UV pulse intensity and the degree of alignment enhance the effect of R−� coupling on the angular distribution
of the photofragments. On the contrary, an increase of the initial temperature tends to reduce the effect of R−�

coupling, which is explained by the fact that such an effect turns smaller as the increasing of magnetic state |M0|
for each initial rotational state J0; furthermore, higher excited rotational state J0 contains more magnetic states
M0, and the results have been averaged over all degenerated M0 states.

DOI: 10.1103/PhysRevResearch.4.013066

I. INTRODUCTION

With the development of ultrashort intense laser sources,
numerous light-induced ultrafast nonlinear processes in atoms
and molecules have been revealed and investigated, such as
field-free molecular alignment and orientation [1–4], high har-
monic generation [5–10], light-induced conical intersection
[11–13], above threshold dissociation [14–16], and so on. The
pump-probe technique provides versatile schemes to imprint
these ultrafast dynamics. For example, when the system is
pumped by ultrashort intense IR pulses, a special rotational
wave packet leading to field-free molecular alignment can be
generated [1]. These dynamics can be traced with the help of
probe pulses, allowing for manipulation of photodissociation
production [17–19], the study of ionization under strong field
laser [20–22], and for control of the high harmonic generation
[23–25].

As a fundamental case of light-induced ultrafast nuclear
dynamics, photodissociation by ultrashort intense pulses have
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attracted a broad interest in the past years [26–31]. It was
applied for control of electron excitation and localization in
the dissociation of H+

2 and its isotopes using two sequential
ultrashort laser pulses [32], analyzing photodissociation of
ultracold diatomic strontium molecules with quantum state
control [33], controlling fragment spatial distributions from a
photodissociation reaction with strong laser field [34], analyz-
ing oscillation of branching ratios between the D(2s) + D(1s)
and the D(2p) +D(1s) channels in direct photodissociation
of D2 [35], and exploring angle-resolved Rabi flopping in
strong-field dissociation [36] to mention few. In a series of
recent works it was shown that the effect of R−� coupling
affects strongly photodissociation dynamics in intense laser
fields on its angular distributions of photofragments [37–40],
which stresses a fundamental interest in accurate modeling of
those processes in strong laser fields for a robust prediction of
experimental outcome.

In the electronic states of diatomics with nonzero projec-
tion of total electronic angular momentum onto its interatomic
axis as �, it intrinsically couples to the rotational angular
momentum R as the total angular momentum J. For the elec-
tronic transitions between � and � states, R−� coupling is
naturally involved. In the case of interaction with intense res-
onant pulses, the effect of R−� coupling plays an important
role on observables directly related to the rotational dynamics
in photoexcitation and photodissociation processes [37,38].
As we have shown earlier, in the case of interaction with an
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intense x-ray pulse, this effect is greatly suppressed due to the
presence of the fast Auger decay channel [39]. In order to in-
crease feasibility of the experimental observation of the R−�

coupling effect, a versatile UV pump-probe photodissociation
scheme has been proposed where excitation of a bound-bound
transition is followed by a photodissociation at the second step
by a time-delayed probe pulse [40].

In these previous studies, however, initial isotropic molec-
ular ensemble at zero temperature was assumed in the
simulations. In the present paper we address some questions
of a general interest: How does the R−� coupling effect man-
ifest in the case of prealigned molecular ensemble? Would
it appear more significantly or less significantly in the angu-
lar distribution of photofragments (ADPs) for the prealigned
molecules? How would the temperature affect the effect? Here
we answer those questions with the help of a theoretical IR-
pump–UV-probe scheme and reveal that the R−� coupling
indeed shows a stronger effect for the prealigned molecules.

We consider a field-free prealigned MgH+ molecular en-
semble as a showcase in its ground electronic state 1�+
created by an ultrashort intense IR-pump pulse. Note that
MgH+ is a typical system with a well-isolated dissociative
� state studied by many groups [41,43–45]; its 1�+ −1 �

transition is a very good candidate to reveal the R−� coupling
effect [37,38]. In the proposed scheme, a fs IR-pump pulse
first creates rotational excitations. The system is then probed
with a time-delayed resonant fs UV pulse, which leads to the
photodissociation in 1� state. We study the effect of R−�

coupling in ADPs with variations of the probe pulse intensity
and the time delay in respect to the pump pulse, which corre-
sponds to different degrees of alignment.

The paper is organized as follows: Theoretical treatments
of IR-pump–UV-probe scheme for MgH+ as a showcase are
briefly introduced in Sec. II; Sec. III is devoted to the dis-
cussions of molecular alignment, density of rotational wave
packet, and ADPs. Conclusions of the present work are given
in Sec. IV. Atomic units (a.u.) are used through the whole
paper if otherwise not stated explicitly.

II. COMPUTATIONAL METHODS

The proposed IR-pump–UV-probe scheme is illustrated in
Fig. 1(a); potential energy curves (PECs), dipole moments,
and polarizabilities of MgH+ are shown in Figs. 1(b) and
1(c), respectively. The nonresonant IR-pump pulse with a
wavelength of 1000 nm (ω1 = 1.24 eV) triggers rotational
dynamics and molecular alignment in the ground electronic
state 1�+ by Raman-type transitions. The time-delayed UV-
probe pulse with ω2 = 6.56 eV promotes molecule from the
ground-state 1�+ to the dissociative excited state 1�. Both
pulses are supposed to have linear polarization along the
Z axis in space-fixed (SF) frame and Gaussian envelope with
pulse duration of 50 fs.

The time-dependent nuclear dynamic equation involving
states 1�+ and 1� can be written as

i
∂

∂t
[��,��]T = H(q, t )[��,��]T, (1)

where �� and �� are the nuclear wave packets on states 1�+
and 1�, respectively. The corresponding nuclear Hamiltonian

FIG. 1. (a) Illustration of the dissociative IR-pump–UV-probe
scheme for diatomics; (b) PECs of MgH+ for 1�+ and 1� electronic
states; (c) the PDM, and TDMs for the states involved (data are
reproduced from Ref. [41]). The parallel α‖ and perpendicular α⊥
components of the dipole polarizability of the ground state (data
are reproduced from Ref. [42]). The IR-pump pulse (ω1 = 1.24 eV)
triggers ground-state 1�+ alignment dynamics which are resonantly
probed by time-delayed UV pulses (ω2 = 6.56 eV) in the framework
of the photodissociation spectroscopy of 1� state.

H(q, t ) for the system can be written as

H(q, t ) =
(

− 1

2mμ

∂2

∂q2 + R2

2mμq2

)
+

(
V� (q) 0

0 V�(q)

)

+
(

T1
� + T2

�

(
T2

�−�

)†

T2
�−� T2

�

)
, (2)

where the first term includes the vibrational and rotational
kinetic operators, mμ is the reduced mass of MgH+, and q
is the internuclear distance. R is the nuclear rotational angular
momentum, and R2 = J2 − �2 with J and � = 	 + � are
the total angular momentum and the total interior angular mo-
mentum about the molecular-fixed (MF) z axis, respectively,
and 	 and � are the projections of the total orbital L and spin
S angular moment onto the MF z axis [46]. In the second term,
V� (q) and V�(q) correspond to the PECs of states 1�+ and
1�, respectively.

The laser–molecule interaction is described in the third
term of Eq. (2), where T1

� = −μ� (q)ε1(ω1, t1)cosβ −
1
2�α(q)ε2

1 (ω1, t1)cos2β describes rotational dynamics
and alignments in the ground state triggered by
the IR-pump pulse; T2

� = −μ� (q)ε2(ω2, t2)cosβ and
T2

� = −μ�(q)ε2(ω2, t2)cosβ represent the permanent
dipole interactions with UV-probe pulse in the ground
and excited states, respectively; μ� (q) and μ�(q) are the
permanent dipole moments (PDMs) of electronic states
1�+ and 1�, respectively; �α = α‖ − α⊥ is the difference
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between the parallel and the perpendicular components of
the dipole polarizability of ground-state MgH+, taken from
Ref. [42]; ε1(ω1, t1) and ε2(ω2, t2) are the electric field of the
IR-pump and UV-probe pulses, respectively, with time-delay
�t = t2 − t1.

The transition operator from 1�+ to 1� can be written
as T2

�−� = μ�−�(q)ε2(ω2, t2)κ�−�(βγ ), where μ�−�(q)
is the transition dipole moment (TDM); theory involving
R−� coupling requires κ�−�(βγ ) = sin β eiγ /

√
2, yet the-

ory neglecting R−� coupling takes κ�−�(βγ ) = sin β/
√

2
[37,38], where β is the Euler angle between the MF z axis
and the SF Z axis, and γ is the Euler angle representing
rotations around the MF z axis [47]. Note that in the full
theory with R−� coupling, one-photon transition follows
the exact selection rule as �J = ±1, while the conventional
theory ignoring R−� coupling relaxes the selection of J as
�J = 0,±2,±4, . . . .

After the IR-pump pulse, the degree of field-free molec-
ular alignment in the ground-state 1�+ can be described
as 〈cos2 β〉� (t ) = 〈�� (t )| cos2 β|�� (t )〉. The dissociation in
the excited state triggered by the time-delayed UV-probe pulse
can be computed using complex absorbing potential (CAP)
technique in the form of −iW (q) = −iη(q − qc)3�(q − qc),
where η is the CAP strength, qc is the point where the CAP is
switched on, and � is Heaviside’s step function [48,49]. The
angular distribution of photofragments (ADP) at the excited
dissociative state 1� is computed as

P�
angle(β j ) = 1

w j

∫ ∞

0
〈��(t )|Wβ j |��(t )〉dt, (3)

where w j is the weight factor corresponding to relevant grid
point in the applied discrete variable representation (DVR)
basis, Wβ j is the projection of the CAP onto a specific grid
point associated with rotational degree of freedom (DOF)
[48,49].

For the thermal equilibrium ensemble in the ground
electronic state with initial rotational temperature T0, the
thermally averaged physical quantity O can be calculated as
O = ∑

J0M0
wJ0M0 OJ0M0 , where OJ0M0 represents the physical

quantity (such as molecular alignment, density of rotational
wave packet, and ADPs) for a given initial angular state J0M0,
with M0 being the magnetic state and the projection of ro-
tational state J0 onto the SF Z axis. The contribution of the
physical quantity O from a specific initial rotational state J0 is
represented as OJ0 = ∑

M0
wJ0M0 OJ0M0 . For heteronuclear di-

atomics wJ0M0 = e
−EJ0

/kBT0∑
J0

(2J0+1)e
−EJ0

/kBT0
are the statistical weights

according to a Boltzmann distribution of the rotational DOF;
EJ0 is the rotational energy; kB is the Boltzman constant [50].

The simulations were performed with the Heidelberg
MCTDH package [49,51]. The vibrational DOF q is de-
scribed by 281 sin-DVRs equally distributed in the region of
[2.0–30.0] a.u.; 101 basis functions have been used for the
rotational DOF β by Legendre polynomials when neglecting
R−� coupling and L2-normalized Wigner D functions when
involving R−� coupling, 11 and 5 exp-DVR for γ and α,
respectively. The number of single particle functions for both
DOF on the two electronic states was 20. The CAP is applied
with η = 3 × 10−5 a.u. and qc = 20 a.u. The pulse is applied

as εi(ωi, ti ) = gi0gi(t)cos(ωiti ) with intensity gi0 and Gaussian
envelope gi(t) = exp(−t2/τ 2) with τ = 50 fs.

III. RESULTS AND DISCUSSIONS

Let us first focus on the case of initial zero rotational
temperature or J0 = 0. Figure 2(a) shows the evolution of the
degree of molecular alignment 〈cos2 β〉� (t ) of the molecule
in the ground-state 1�+ induced by the nonresonant IR-
pump pulse with peak intensity 1013 W/cm2. The function
〈cos2 β〉� (t ) shows time-dependent periodical structures re-
sulting from the coherent revival dynamics of the excited even
J states triggered by the nonresonant pump pulse. The rota-
tional wave packet at time tM1 reads �M1 = ∑

J CJ|J, 0, 0〉.
After the pulse, the time evolution of the rotational wave
packet is described as �(t ) = ∑

J CJ|J, 0, 0〉e−iEJt, where EJ

is the energy of a rotational level and t is the time delay
relative to the moment tM1. Table I presents the coefficients of
rotational state CJ = cJeiθJ at the moment tM1=586 fs (relative
to peak envelope of IR-pump pulse), cJ is the amplitude of the
rotational state J, and θJ is the relative phase between J = 0
and the other J state. Rotational state J = 2 is excited by
Raman-type transitions from the initial state J0 = 0 in the
1�+ electronic state, while other even rotational states can
be excited in a ladder way. According to Table I, rotational
level J = 0, 2, 4, and 6 accumulate about 99.99% of rotational
population; therefore these four J states are considered in
the following analysis. Note that the R-� coupling has been
decoupled for the electronic state with � = 0; such a coupling
does not hold in the Raman process of ground electronic state
1�+.

In order to study the relation between the degree of molec-
ular alignment and the following photodissociation dynamics,
let us consider three typical states of the molecular ensemble
within one rotational period (see Fig. 2): (1) Cases with maxi-
mal values of degree of molecular alignment (tP1, tP2, and tP3),
(2) cases with minimal alignment values (tV1, tV2, and tV3),
and (3) cases with alignment equal to 1/3 (tM1, tM2, tM3, tM4,
tM5, and tM6) or “isotropic” alignment. The density of the rota-
tional wave packet of these cases is presented as black lines in
Figs. 2(b)–2(m), the blue line represents the initial isotropic
rotational wave packet before the pump pulse. One can see
that in the case of “isotropic” alignment (〈cos2 β〉� (t ) = 1/3,
tM moments) the density of rotational wave packet may have
a rather different shape [see Figs. 2(b)–2(g)] while the shape
of the wave packet at the times correspondent to the mini-
mal [(Figs. 2(h)–2(j)] and maximal [Figs. 2(k)–2(m)] degrees
of alignment shows rather similar distribution with peaks
at β = π/2 and β = 0, π , respectively. The UV pulses at
different time delays with respect to the pump-pulse probe the
rotational dynamics in the framework of the photodissocia-
tion spectroscopy. The ADP spectra in the dissociative state
1� represent the effect of R-� coupling, which is naturally
involved in the � − � transitions.

Figure 3 shows ADP profiles for the case of degree of
alignment reaching minimum values (tV1, tV2, and tV3) and
maximum values (tP1, tP2, and tP3) for three different in-
tensities of the probe field (1011 W/cm2, 1012 W/cm2, and
1013 W/cm2). With an increase of the probe pulse intensity
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FIG. 2. (a) Degree of molecular alignment 〈cos2 β〉� (t ) in the electronic ground-state 1�+ induced by the IR-pump pulse of intensity
1013 W/cm2, and pump pulse is centered at t1 = 0 fs; tP1, tP2, and tP3 are the moments with maximal degrees of alignment; tV1, tV2, and tV3 are
the moments of alignment reach minimum value; and tM1, tM2, tM3, tM4, tM5, and tM6 are the moments of alignment equals to 1/3 (“isotropic”
cases of 〈cos2 β〉� (t ) = 1/3). (b)–(m) Density of rotational wave packet at corresponding time (black lines), and density of rotational wave
packet before the pump pulse (blue lines).

the effect of the R−� coupling becomes more pronounced
for the angles β < 0.25π ; related to the Rabi-flopping in
intense probe field, similar features have been observed and
comprehensively discussed in our previous work for isotropic
molecular ensemble [37,38]. Figures 3(a)–3(c) show ADP
profiles for the time delays correspondent to the small de-
gree of alignment [see tV moments in Fig. 2(a)]. In these
moments the wave packet in the ground-state 1�+ is mainly
distributed near β = 0.5π [Figs. 2(h)–2(j)]; therefore the an-
gular distribution after dissociation in the excited 1� state
has maximum near β = 0.5π . The effect of R−� coupling
in ADP spectra is observed at small angles β � 45◦ and is
not very significant. Figures 3(d)–3(f) show ADP profiles for
the probe pulses centered at the times of maximal degree of
alignment [see tP moments in Fig. 2(a)] where the rotational
wave packets are located mainly around β = 0 and β = π

[see Figs. 2(k)–2(m)]. Due to this the angular distribution after
the dissociation is also located near β = 0 and β = π . The

TABLE I. Energies EJ and coefficients CJ = cJeiθJ of rotational J
states in electronic state 1�+ at time tM1 [see Fig. 2(a)].

J = 0 J = 2 J = 4 J = 6

EJ 0.00000000 0.00016837 0.00056079 0.00117620
cJ 0.60079374 0.73274781 0.31058467 0.07440619
θJ 0.00000000 4.13620535 2.68425630 2.19541563

effect of the R−� coupling at small angles β � 45◦ is much
stronger as in the case of the small degree of molecular align-
ment. It can be concluded that the larger degree of alignment
results in greater influence of R−� coupling in ADP spectra.

The ADP spectra is affected through both the density of
rotational wave packet at the delay time of the probe pulse and
the dynamics photodissociation process in strong UV fields.
In order to understand the ADP spectra, let us ignore strong
field effects and analyze one-photon transitions at the weak
probe field. For aligned molecules, the rotational state can
be described as |J, M,�〉 when R-� coupling is included
and |J, M〉 when the coupling is neglected. For the excita-
tion from the 1�+ to 1� state the transition matrix elements
are 〈J′, M′,�′|sin β eiγ /

√
2|J, M,�〉 (with R-� coupling)

and 〈J′, M′|sin β/
√

2|J, M〉 (neglecting R-� coupling); the
matrix elements are conserved for the electronic transition
and relaxes the selection, respectively [40]. The rotational
wave packet in the dissociated state is expressed as �′ =∑

J′
∑

J〈J′, 0, 1|sin βeiγ /
√

2|J, 0, 0〉CJ|J′, 0, 1〉e−iEJt for the
case when R-� coupling is included with selection rule J′ =
J ± 1. In the case when R-� coupling is neglected, the wave
packet reads �′ = ∑

J′
∑

J〈J′, 0|sin β/
√

2|J, 0〉CJ|J′, 0〉e−iEJt

and J′ = J ± 0,±2, . . .. The density of rotational wave-packet
�′ can be used for a simplified understanding of the ADP
spectra (Fig. 3) for the weak probe field.

Figure 4 shows ADP profiles probed at the moments
of “isotropic” alignment (〈cos2 β〉� (t ) = 1/3) tM1 – tM6 for
various probe pulse intensities (1011 W/cm2, 1012 W/cm2,
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FIG. 3. ADP in the dissociative state 1� for the probe pulse centered at the moments correspondent to the minimum values tV1, tV2, and tV3

and maximum values tP1, tP2, and tP3 of molecular alignment. The probe pulse intensities are 1011 W/cm2(black lines), 1012 W/cm2(blue lines),
and 1013 W/cm2(red lines). Simulations compare theory with and without R−� coupling, shown by solid lines and dashed lines, respectively.

FIG. 4. ADP profiles in the dissociative state 1� for the moments tM1 – tM6 with “isotropic” molecular alignment. All notations and pulse
parameters are the same as in Fig. 4; gray lines show the ADP without pump pulse.
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FIG. 5. Degree of molecular alignment (a) at initial rotational temperature T = 10 K (black lines) and T = 0 K (gray lines); tV, tM, and tP

moments correspond to the moments when alignment is minimum, 1/3 (“isotropic”), and maximum, respectively. IR-pump-pulse intensity is
1013 W/cm2 and the pulse is centered at t = 0 fs. The density of rotational wave packet without the pump pulse (b) and at moments tV, tM,
and tP (c)–(e), respectively. The dashed red, blue, and green lines correspond to the contribution from J0 = 0, J0 = 1, and J0 = 2 at T = 10 K,
respectively [plots (a–e)].

and 1013 W/cm2); gray lines are the ADP spectra probed at
the initial isotropic case (without pump pulse). The R−�

coupling effect is significant for the small angles β � 45◦
at any intensities. It is worthwhile to note that ADP is zero
at β = 0 when R−� coupling is included, while it becomes
large without R−� coupling, which shows great importance.
The difference in ADP caused by R−� coupling grows with
the increase of pulse intensity in a similar way as it was
discussed before for Fig. 4. One can see considerable variation
of the ADP profile for different delay times even though
they correspond to the same degree of alignment of 1/3
[Figs. 4(a)–4(f)], which is explained by sufficient difference
of the shape of the rotational wave packet at these moments
[see Figs. 2(b)–2(g)].

Let us now consider the case when initial rotational temper-
ature is set to T = 10 K. Now physical quantities O (molecular
alignment, density of rotational wave packet, and ADPs)
are calculated with statistical weights wJ0=0M0 = 0.6592,
wJ0=1M0 = 0.3260, and wJ0=2M0 = 0.0148. Figure 5(a) com-
pares evolution of degree of molecular alignment in the
ground-state 1�+ at initial rotational temperature T = 10 K
(black line) and T = 0 K (gray line). Obviously lower initial
rotational temperature of the molecular ensemble results in a
higher degree of molecular alignment in general, consistent
with Ref. [1], except for the cases of nonequilibrium distri-
bution when contribution from the higher rotational states is
large enough to show its own character. For further analysis,

we choose three moments when the degree of molecular align-
ment reaches its minimum (tV), 1/3 (tM), and maximum (tP).
The dashed lines in Fig. 5(a) illustrate the contribution from J0

= 0 (red), J0 = 1 (blue), and J0 = 2 (green) initial rotational
state at T = 10 K. One can see that the main contribution
is given from J0 = 0 and J0 = 1. Those contributions are
principally different, e.g., they contribute constructively to
increased degree of molecular alignment at moment tP, while
they give opposite contribution at the moment tV. The density
of rotational wave packet without pump pulse is presented
in Fig. 5(b) and at moments tV, tM, and tP are presented
in Figs. 5(c)–5(e). The pump-free system shows isotropic
density of rotational wave packet for any initial quantum
number J0. For �t = tV, J0 = 0 gives a major contribution
near β = 0.5π and J0 = 1 contributes mainly around β = 0
and β = π . For �t = tM, the contribution from J0 = 0 plays a
major role in the formation of the angular distribution profile,
except for β = 0.25π and β = 0.75π , where J0 = 1 gives
sufficient contribution. For the moment of maximal degree
of alignment, �t = tP, the rotational wave packet is mainly
distributed around β = 0 and β = π ; the contribution from J0

= 0 is almost five times larger at β ≈ 0 as compared with the
contribution from J0 = 1.

Figure 6 shows ADP for the pump-free system (a) and
various degrees of alignment; black lines and blue lines corre-
spond to ADP at initial rotational temperature T = 10 K and
T = 0 K; solid lines and dashed lines are ADP computed with
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FIG. 6. ADP for the pump-free system (a) and various degrees of alignment: Minimal (b), “isotropic” (c), and maximal (d). Initial rotational
temperature is T = 10 K (black lines) and T = 0 K (blue lines). The probe pulse intensity is 1013 W/cm2. Simulations compare theory with
and without R−� coupling taken into account and are shown by solid and dashed lines, respectively.

and without R−� coupling taken into account, respectively.
For the case with no pump pulse, the initial rotational temper-
ature has only a small effect on the angular distribution. The
ADPs at T = 10 K and T = 0 K are almost the same for the
calculations where R−� coupling is included, and the ADP
at T = 10 K is a little bit smaller than T = 0 K near β = 0 for
the theory without R−� coupling. For time delay �t = tV,
as the initial rotational temperature increases, a new peak
is formed near β = 0.5π and the angular distribution goes
from being mostly around β = 0.15π . Moreover, the effect of
R−� coupling increases sufficiently at small angles due to the
contribution from J0 = 1, as is evident from Fig. 5(c). For time
delay �t = tM, with increasing initial rotational temperature,
the ADP profile increases around β = 0.25π and shows a
linear behavior for larger angles, consistent with Fig. 6(c). The
absolute effect of R−� coupling for “isotropic” ensemble
is the smallest as compared with other degrees of alignment
[plots (b) and (d)] and is located at angles β < 0.25π . For
the case of highest degree of alignment (time delay �t = tP)
the ADP profile has maximum toward smaller angles, and the
effects of R−� coupling and initial rotational temperature are
the strongest among other cases. These examples show that
the temperature effect reduces the impact of R−� coupling
in general, except for cases when the higher rotational states
give sufficient contribution to the rotational wave packet.

The origin of the temperature effect on R−� coupling
deserves a special comment. Figure 7(a) shows the evolution
of degree of molecular alignment in the ground state for
a specific initial rotational state J0 = 0, 1, 2 induced by the
IR-pump pulse. P corresponds to the moment when all initial

J0 states show most similar molecular alignment, which is
then probed by the UV pulse with intensity 1013 W/cm2. The
results of ADP for the cases with (solid lines) and without
(dashed lines) R−� coupling for the three lowest initial state
J0 = 0, 1, 2 are shown in Fig. 7(b), confirming the decrease
of the R−� coupling effect with the increase of J0. In fact,
this is a result of averaging over an increasing number of
degenerated magnetic states M0 for higher rotational state J0.
Contributions from different |M0| states for J0 = 1 and 2 are
shown in panels (c) and (d), respectively. As one can see, the
R−� coupling effect decreases with an increasing of |M0| for
each J0, so the total effect of R−� coupling becomes smaller
after averaging over all the initial degenerate M0 states for a
higher J0 state, where a larger number of M0 states contribute.
Summarizing, an increase of magnetic |M0| state for each
initial rotational J0 state tends to reduce the R−� coupling
effect; a higher initial temperature increases the number of
J0 states; the higher J0 states include an increasing number of
degenerated −J0 � M0 � J0 states, and their collective contri-
butions result in the diminishing of the R−� coupling effect.

IV. CONCLUSION

In conclusion, the R−� coupling manifests itself strongly
for aligned molecular ensemble compared with isotropic
distribution. As a showcase, we consider photodissociation
dynamics of aligned MgH+ molecular ensemble aligned by
nonresonant IR-pump pulse at the ground-state 1�+ and then
excited to dissociative state 1� by time-delayed resonant
UV-probe pulse. Observation of the angular distribution of
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FIG. 7. (a) Degree of molecular alignment for initial rotational state J0 = 0, 1, and 2 by IR-pump pulse with intensity 1013 W/cm2 (centered
at t = 0 fs). (b) ADP profiles in the dissociative state 1� originated from three initial states J0 = 0, 1, 2 averaged over contributions from all
magnetic M0 states. (c, d) Partial ADPs for each M0 states are shown for the case of J0 = 1 (c) and J0 = 2 (d). Our simulations in (b) and
(c) compare the cases with (solid lines) and without (dashed lines) R−� coupling taken into account. The rotational dynamics are probed at
moment P [see (a)] with UV pulse intensity 1013 W/cm2.

the photofragments allowed us to study the effects of R−�

coupling and initial rotational temperature. We study the ADP
profiles at different delay times correspondent to different
degrees of molecular alignment as well as for various in-
tensities of the probe pulse. We show that stronger probe
pulse intensity and larger degrees of alignment increase the
influence of the R−� coupling. In general, the effect of R−�

coupling is crucial at small angles (β < 0.25π ) for 1�+ −1 �

transitions, where conventional theory neglecting the coupling
effect gives incorrect predictions. We also show that probing
the moments with the same degree of alignment may result
in a rather different ADP profile due to different angular dis-
tribution of the initial wave packet. Analyzing the ADP with
change of the initial rotational temperature, we have shown
that an increase of the initial temperature tends to reduce the
impact of R−� coupling in general due to the averaging over

all the degenerated initial magnetic states, except for the case
when higher rotational state J0 contributes sufficiently to the
rotational wave packet. So, in order to make the R−� cou-
pling effect observable in the photodissociation spectroscopy
experiment, we suggest to induce high degrees of alignment
and to use cold targets for the measurements.
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