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Photodissociation dynamics of the NH molecule under intense VUV pulses
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Photodissociation dynamics of the NH molecule excited from the triplet ground X 3�− to 2 3� state by
resonant intense VUV pulses have been comprehensively investigated by the recently proposed theoretical
treatment involving the electron-rotation coupling. The rotational dynamics are described by the Wigner D
functions, and the electronic transition operators are refined with respect to the changes of the projection of
the total orbital angular momentum onto the molecular axis ��. The kinetic energy release (KER) spectra
and the angular distribution of photofragments are obtained by averaging over nine degenerate initial angular
states, computed separately. We have shown that the KER spectra are not very sensitive to the electron-rotation
coupling for different pulse intensity and energy detuning from the resonance. The angular distribution of the
photofragments, on the contrary, is strongly affected by the electron-rotation coupling at the small angles between
the molecular axis and laser polarization. The influence of the electron-rotational coupling shows different trends
for positive and negative detunings from the resonance at variation of the pulse intensity, which is explained by
sufficient changes of the rotational wave packet dynamics caused by different phases of the initial rotational
states.
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I. INTRODUCTION

The continuous developments of ultrashort and intense
laser sources, such as high-power infrared (IR) femtosecond
lasers [1–3], VUV/XUV attosecond pulses [4–7], and x-ray
free electron lasers (XFELs) [8–12], have advanced numer-
ous impressive achievements in light-matter interactions in
the past decades [3,13–15]. For example, molecular field-free
alignment can be efficiently obtained by impulsive intense
IR lasers [16–19], pump-probe scheme and transient absorp-
tion spectroscopy developed from attosecond XUV pulses
could follow the real-time electronic dynamics of atoms and
electronic-nuclear dynamics of molecules with unprecedented
details [3,20,21], and femtosecond core hole state dynam-
ics can be tracked and beaten by ultrashort XFELs [22–27].
Among those fundamental problems, special attention was
devoted to the understanding of photodissociation of diatomic
molecules by intense pulses, which became an intensive area
with a huge number of theoretical and experimental observa-
tions of numerous new phenomena.
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Bond softening and hardening effects in the dissociation
of diatomics by intense IR fields have been broadly discussed
more than 20 years ago [28–31], a more favorite dressed state
picture or light-induced avoided crossing can well interpret
these effects [32–34]. The energy sharing between ionized
electron and ion fragments from the ionization dissociation
of H2 and CO molecules by intense IR lasers have been very
recently imprinted in experiments [35–38]. And the effects of
light-induced conical intersections by intense VUV pulses on
photodissociation have been comprehensively discussed by
theory for the showcases of H+

2 , D+
2 , LiF, MgH+, Na2, NaI,

and so on [39–49].
In our recent work [50] it was shown that for the pho-

toexcitation and photodissociation processes by intense VUV
pulses, the effects of electron-rotation coupling would play
important roles on the quantities directly related to the
rotational dynamics as molecular alignment and angular dis-
tribution of photofragments. A showcase for the excitation
transition from singlet X 1� to 1� states in diatomics has
been comprehensively studied [50]. In contrast to the singlet
diatomics with zero spin, the triplet diatomics possess spin
equal to one, and its projection to the molecular axis is 0, ±1.
Due to this, both the electronic and spin angular moments will
contribute to the photodissociation dynamics induced by the
photoexcitation from state X 3� to 3�, which has to be taken
into account. Moreover, one has to consider nine degenerate
rotational initial states that exist for J = 1. This complex-
ity results in a question: How the electron-rotation cou-
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pling affects the photodissociation dynamics on triplet-triplet
transition? This question is addressed and answered theoret-
ically here, using a showcase of photodissociation dynamics
in the NH molecule excited from state X 3�− to 2 3� by in-
tense resonant VUV pulses. We comprehensively investigated
the electron-rotational coupling effects on the most common
observable quantities, as kinetic energy release (KER) spectra
and the angular distribution of the photofragments, with vari-
ations of the pulse intensity and the energy detuning from the
resonance.

The paper is organized as follows, theoretical treatments
of photodissociation for the diatomics are briefly introduced
in Sec. II. Section III is devoted to the discussions of KER
spectra and angular distribution of the photofragments of the

NH molecule. Conclusions of the present work are given in
Sec. IV. Atomic units (a.u.) are used through the whole work
unless otherwise stated explicitly.

II. COMPUTATIONAL METHODS

The time-dependent photodissociation theory has been
discussed in detail in Ref. [50], here we present only an ab-
breviated description. Resonant excitation of an NH molecule
by a linearly polarized laser field ε(ω, t ) with polarization in
space-fixed Z axis and the central frequency ω tuned near the
resonance with the transition between the ground X 3�− and
excited 2 3� states can be described by the following nuclear
Hamiltonian:

H(q, t ) =
(

− 1

2mμ

∂2

∂q2 + R2

2mμq2

)
+

(
V3� (q) 0

0 V3�(q)

)
+

(
ε(ω, t )μ3� (q)cosβ (T3�−3�)†

T3�−3� ε(ω, t )μ3�(q)cosβ

)
, (1)

where mμ is the reduced mass of the NH molecule and q is the
internuclear distance. R is the nuclear rotational angular mo-
mentum and R2 = J2 − 
2, with J and 
 = � + � the total
angular momentum and the total interior angular momentum
about the molecular-fixed (MF) z axis, respectively, and � and
� are the projections of the total orbital angular momentum L
and the spin angular moment S onto the MF z axis [51]. The
first term in (1) includes the vibrational and rotational kinetic
operators. In the second term, V3� (q) and V3�(q) correspond
to the potential energy curves of the states X 3�− and 2 3�,
respectively. The interactions with the laser field are described
in the third term, where μ3� (q) and μ3�(q) are the permanent
dipole moments of the two electronic states, T3�−3�(q) corre-
sponds to the transition operator between them, and β is the
Euler angle between the space-fixed (SF) Z axis and MF z
axis, i.e., angle between the laser polarization and molecular
axis. The geometrical meanings of various quantities as angles
and angular moments are the same as in the Fig. 1 shown in
the previous work [50] (not reproduced here).

In the conventional theoretical treatment, which neglects
electron-rotational coupling, the angular basis functions are
described by Legendre polynomials [52]:

|J = R, M = 0,
 = 0〉 = PJ (β ),

T3�−3� = ε(ω, t )μ3�−3�(q)
sinβ√

2
,

(2)

where μ3�−3�(q) is the electronic transition dipole moment.
In order to include the electron-rotation coupling (R-
 cou-
pling), as it was done in our previous paper [50], the rotational
dynamics has to be described by the L2-normalized Wigner D
functions [52]:

|J, M,
〉 =
(

2J + 1

8π2

)1/2

DJ
M,
(αβγ ),

T3�−3� = ε(ω, t )μ3�−3�(q)
sinβ√

2
eiγ ,

(3)

for ��3�−3� = 1. Here α and γ are the Euler angles rep-
resenting rotations around the SF Z axis and MF z axis,

respectively [53]. The time-dependent nuclear dynamic equa-
tion is

i
∂

∂t
[�3�,�3�]T = H(q, t )[�3�,�3�]T, (4)

which can be numerically solved by the multiconfiguration
time-dependent Hartree (MCTDH) method with a specific
initial condition [52].

Within the time-dependent frame, the kinetic energy
release (KER) spectra and angular distribution of the
photofragment can be calculated by the technique of com-
plex absorbing potential (CAP) with 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. The dissociated angular distribution in the upper

FIG. 1. Angular distributions of the MgH+ photofragments dis-
sociating on state 1� excited from 1�+ by an 80 fs resonant pulse
for the weak 1010 W/cm2 (a) and strong 1013 W/cm2 (b) field inten-
sities. Results by 1�-1� (black lines) and �-� (blue lines) indicate
calculations with and without R-
 coupling, respectively.
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state 3� is calculated according to the following formula [52]:

Pangle(β j ) = 1

w j

∫ ∞

0
〈�3�(t )|Wβ j |�3�(t )〉dt, (5)

where w j is the weight factor corresponding to the relevant
grid point in the applied DVR basis, and Wβ j is the projection
of the CAP on a specific grid point associated with the rota-
tional degree of freedom [43]. The KER spectra is given by
[52]

PKER(E ) = 1

π

∫ ∞

0

∫ ∞

0
〈�3�(t )|W |�3�(t ′)〉e−iE (t−t ′ )dtdt ′,

(6)

where W is the CAP applied at the grid space related to
the vibrational degree of freedom [43]. Note that Pangle(β )
and PKER(E) indicate the angular distributions and energy
spectra integrating over energies and angles, respectively.∫

Pangle(β )dβ = ∫
PKER(E )dE is the total ion yield.

Before presenting the results of NH molecule, let us briefly
discuss the angular distribution of the photofragments of the
well studied MgH+ singlet system excited from the 1�+ to
1� state by an 80 fs resonant intense pump pulse, which is
recomputed here by taking into account the R-
 coupling.
The same molecular parameters and numbers of basis sets
as Ref. [45] are used in the calculations. Figure 1 compares
the angular distributions of MgH+ photofragments when R-

coupling is included (labeled by 1�-1�, the present improved
method) and neglected (labeled by �-�, the conventional
method employed in [45]). The results of �-� totally repro-
duce the ones of Ref. [45], while the R-
 coupling changes
the profile drastically. This effect has been comprehensively
discussed in our previous work for a general model of the
bound-dissociative transition [50]. The R-
 coupling brings
very important rotational dynamics for the molecules in in-
tense fields.

Contrary to the singlet MgH+ system with zero total spin,
the NH system is in the triplet state, and both spin and elec-
tronic angular momentum contribute to the interior angular
momentum as 
 = � + � for the excited state 2 3�, and
the number of initial degenerate angular states for X 3�− is
nine. To study the effects of R-
 coupling in a much more
complex system, we use potential energy curves and transition
dipole moments taken from Ref. [54] (see Fig. 2). Besides the
resonant excitation, we also considered positive and negative
detuning from the resonance with the X 3�− to 2 3� transi-
tion, marked as A, B, and C in Fig. 2(a), respectively. The
effects of the field intensity is also studied. The results are
obtained for the common physical observable quantities as
KER spectra and angular distribution of photofragments will
be studied.

The simulations are implemented with the Heidelberg
MCTDH package [55]. The driving lasers are simulated by
the sin-square pulse [sin2( πt

T )] with T = 80 fs and varied
pulse intensities. The vibrational degree of freedom (DOF)
q is described by 389 sin-DVRs equally distributed in the
region of [1.2–40.0] a.u.; 101 basis functions have been used
for the rotational DOF β by Legendre polynomials in the
conventional treatment and L2-normalized Wigner D func-
tions in the improved treatment, 11 and 5 exp-DVR for γ

FIG. 2. (a) Potential energy curves of the NH molecule for the
ground X 3�− (black line) and excited 2 3� (blue line) electronic
states; points A, B, and C label resonant energy (ω = 8.68 eV), and
positive (ω = 9.68 eV) and negative (ω = 7.68 eV) detunings from
the resonance, respectively. (b) Permanent dipole moment (PDM) for
the states X 3�− (black line) and B 3� (blue line), and transition
dipole moment (TDM) between X 3�− and 2 3� (red line), repro-
duced from Ref. [54].

and α, respectively. The number of single particle functions
for both DOF on the two electronic states was 10. The CAP
is applied with η = 5 × 10−5 a.u. and qc = 30 a.u. Suppos-
ing the molecular rotational temperature is quite low, for the
initial electronic state 3�, its nine degenerate initial angular
states |J0

3�
= 1, M3� = (0,±1), 
3� = �3� = (0,±1)〉 are

considered. In the rest of the article, results of �-� represent
conventional theoretical treatment, and 3�-3� indicates the
improved theoretical treatment including R-
 coupling from
both the spin and orbital angular momentum.

III. RESULTS AND DISCUSSIONS

A. Resonant pump in weak fields

For the description of the NH molecule excitation on
X 3�− to 2 3� transition by a weak resonant (ω = 8.68 eV)
pulse, first order perturbation theory can be applied. The tran-
sition strength from the rovibronic dynamics can be described
as an average value of the transition operator

TJ0 =
∑
ν ′J ′

|〈J′, M0,

′; ν ′(J′)|T3�−3�(ω)|ν(J0); J0, M0,
0〉|2,

(7)

where the subscript 0 indicates the initial state, and |ν(J)〉
indicates the νth vibrational wave function of rotational quan-
tum state J. For weak transitions only limited rotational states
are excited, the splitting of rotational levels is quite small as
compared to the vibrational states, both the energy levels and
wave functions of vibrational states could be well supposed
to be independent on J. It could be a proper approximation to
separate the transition strength into vibrational and rotational
parts as TJ0 � TV TR

J0
∝ TR

J0
, with the vibrational term TV =∑

ν ′
|〈ν ′|μ3�−3�ε(ω)|ν〉|2 and the rotational term TR

J0
, which
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FIG. 3. KER spectra (a) and angular distribution (b) of the NH
photofragments dissociating on state 2 3� excited by a weak reso-
nant pump laser in the 3�-3� model for a different initial angular
state |Jw

0 , M0, 
0〉. KER spectra (c) and angular distribution (d) by
treatments 3�-3� (black lines) and �-� (blue lines).

can be expressed for the treatment without R-
 coupling
(�-�) as

TR
J0

=
∑

Jp
j

∣∣∣∣
〈
Jp

j , 0, 0

∣∣∣∣ sinβ√
2

∣∣∣∣Jp
0, 0, 0

〉∣∣∣∣
2

, (8)

and for the case when R-
 coupling included (3�-3�) as

TR
Jw

0 M0
0
=

∑
Jw

j

∣∣∣∣
〈
Jw

j , M0,
0 + 1

∣∣∣∣ sinβ√
2

eiγ

∣∣∣∣Jw
0 , M0,
0

〉∣∣∣∣
2

.

(9)

For the initial electronic state X 3�−, in the �-� treatment
Jp

0 = 0 and sinβ function selects all even integers for Jp
j , so we

can easily get TR
Jp

0=0 = 1
3 . In the full 3�-3� treatment Jw

0 = 1,
M0 = (0,±1), and 
0 = �0 = (0,±1), the increasing of 


by one in the excited state comes from the selection of eiγ by
�� = 1, Jw

j could be 0, 1, and 2 from the selection of sinβ and
initial quantum numbers. As a result, there are nine degenerate
initial rotational states. The total TR

Jw
0

can be computed by

the averaging over all the initial rotational states as TR
Jw

0 =1 =
1
9

∑
M0
0

TR
Jw

0 =1,M0,
0
= 1

3 = TR
JP

0 =0. This analysis shows that in

the perturbation region, both treatments predict the same
excitation intensity, so the effect of the electron-rotational
coupling is absent.

Figures 3(a) and 3(c) show the initial rotational state re-
solved (for each of the nine states) and averaged KER spectra
in the 3�-3� model, respectively, for the case of a weak
resonant pulse intensity I0 = 1010 W/cm2. The maxima of
all individual spectra are located around energy 1.73 eV
and are grouped in three spectral intensity classes with ra-
tios of about 2 : 3 : 4. This is totally consistent with the
transition strength from different initial degenerate rotational
states: T R

100 : (T R
111 = T R

1−1−1 = T R
11−1 = T R

1−11) : (T R
1−10 =

T R
110 = T R

101 = T R
10−1) = 2 : 3 : 4. The correspondent angular

distribution of the photofragments are shown in Figs. 3(b) and
3(d). As it shows, a different initial rotational state results in

four different profiles of the angular distribution function: an
initial rotational state |1, 0, 0〉 contributes two peaks located at
β ≈ 0.25π and 0.75π symmetric to β = π/2 point, |1, 1, 1〉
and |1,−1,−1〉 initial states contribute with a peak at β ≈
0.35π , and the symmetric peak at β ≈ 0.65π comes from
|1,−1, 1〉 and |1, 1,−1〉 initial states, and the rest of the states
contribute to the peak at β = π/2. The ratio for the total yield
of fragments from different initial states is consistent with
that of transition strength TR

Jw
0 M0
0

. The total averaged spectra

keep the nice sin2-like profile with the maximum position at
β = π/2.

The blue lines in Figs. 3(c) and 3(d) show the KER spectra
and angular distribution of the photofragments in the weak
field by the approach neglecting electron-rotational coupling.
Since in first order perturbation regime the transition strength
TR

Jp
0=0 equals to TR

Jw
0 =1, the total yield of photofragments is

almost the same for both treatments as expected, so do the
profiles of KER spectra and angular distributed photofrag-
ments. Note that the slight shift of 0.004 eV to the higher
energy region of KER spectra [Fig. 3(c)] computed with R-

coupling included comes from the difference in the initial
energy level of Jw

0 = 1 and JP
0 = 0 rotational states in the

3�-3� and �-� models, respectively. In the treatment by
Legendre polynomials (�-� model), the angular distributed
photofragments also slightly deviate from the sin2-like profile
at small angles [Fig. 3(d)], which indicates that the separation
of TJ0 into two independent parts (rotational and vibrational
contributions) is not fully applicable. Indeed, since all even
values of Jp

j will be excited, excitations with higher rotational
levels deviate more and more from the cases of resonant ex-
citation, resulting in the non-negligible dependence of T V on
the rotational states. Note that if T V was totally independent
on J0, the angular distribution of fragments should totally
follow the profile of sin2. While in the treatment of Wigner D
functions (3�-3� model), Jw

j could be 0, 1, and 2, the energy
levels lifted by rotations are quite small, T V depends weakly
on J0. For strong field excitations as shown below, intense
rovibrational dynamics will result in quite different spectra.

B. Resonant pump in intense fields

Figure 4 shows the fragment KER spectra and angular
distributions of NH excited by resonant pulses with intensities
I0 = 1013 [Figs. 4(a) and 4(b)], 1014 [Figs. 4(c) and 4(d)], and
4 × 1014 [Figs. 4(e) and 4(f)] W/cm2. As it shows, increasing
of the pulse intensity broaden the KER spectra, and both
treatments predict quite similar KER profiles, besides a small
shift due to different energy positions of the initial level, as
discussed in Fig. 3(c). Indeed, the KER spectra are not directly
related to the molecular rotational dynamics, and its profile
shows weak sensitivity to the R-
 coupling. The spreading
and splitting of KER spectra are general properties of spectra
in strong field [56]. With higher rotational states excited in
intense field, the case of resonant excitation in weak field
turns into a negatively detuned excitation in strong field; as
in the dressed picture introduced in Ref. [57], the transition
between the positively dressed state of X 3�− and the nega-
tively dressed state of 2 3� would dominate the excitation by
the negatively detuned pulse, resulting in the gradual shifting
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FIG. 4. KER spectra [left, panels (a, c, e)] and angular distribu-
tion [right, panels (b, d, f)] of the NH photofragments by resonant
excitation computed in the 3�-3� (black lines) and �-� mod-
els (blue lines). Three different pulse intensities are shown: 1013

W/cm2 [upper panels (a, b)], 1014 W/cm2 [middle panels (c, d)],
and 4 × 1014 W/cm2 [lower panels (e, f)].

of peak position to the lower energy region with the increas-
ing of I0 as revealed in Fig. 4. Surely we would expect the
opposite variations of peak positions in the positively detuned
transitions, as verified in the next subsection.

For the fragment angular distributions, the R-
 coupling
results in totally different distributions at small angles. The
intensity tends to zero at small β in the full 3�-3� model, mis-
takenly turned into a very significant value in the approximate
�-� model (Fig. 4, right). For example, the ratios between
intensities around β = 0 and π/2 have increased from 8% to
72% with I0 = 1013 to 4 × 1014 W/cm2 in the model of �-�,
such ratios are ∼0 in the model of 3�-3�, indicating the im-
portance of including the R-
 coupling, similar features have
been comprehensively discussed in our previous work [50].
Furthermore, a broad plateau around β = π/2 gradually ap-
pears, predicted by both treatments, the region of the plateau
has increased from [∼ 0.45π, 0.5π ] to [∼ 0.2π, 0.5π ] with
I0 = 1013 to 4 × 1014 W/cm2.

For deeper understanding of the angular distribution
function, let us consider the angular distributions of the
individual initial rotational states, computed in the R-
 cou-
pling model, presented in Fig. 5 for I0 = 1013 and 4 ×
1014 W/cm2. As it shows, for intense pulses the relative inten-
sities for |Jw

0 , M0,
0〉 = |1, 0, 0〉, |1, 1, 1〉, and |1,−1,−1〉
(or |1,−1, 1〉 and |1, 1,−1〉) increase and shift to the lower
(higher) angle region, which contributes the platform and
its broadening revealed in Fig. 4. Note that for very intense
pulse of I0 = 4 × 1014 W/cm2, the spectra intensity around
β = 0 (or π ) for |Jw

0 , M0,
0〉 = |1, 0,−1〉 and |1, 1, 0〉 (or
|1, 0,−1〉 and |1,−1, 0〉) are not tiny any more, due to the
excitations to higher rotational states by the intense pulse and
T V depends on higher rotational states, furthermore, there is
also the coincidence for the upper states when 
 = M (or
−M), the angular function |DJ

M,
(αβγ )|2 is not zero at β = 0
(or π ). For much stronger pulses, the distributions around
β = 0 (or π ) could be significant and must be contributed

FIG. 5. Angular distribution of nine different initial angular
states |Jw

0 , M0, 
0〉 for two different pulse intensities: I0 = 1013

(a) and 4 × 1014 (b) W/cm2.

from initial rotational states of |Jw
0 , M0,
0〉 = |1, 0,−1〉 and

|1, 1, 0〉 (or |1, 0,−1〉 and |1,−1, 0〉).

C. Role of the detuning from the resonance

Two cases of nonresonant pump with central frequency
ω = 9.68 and 7.68 eV, detuned from the resonance by 1.0 and
−1.0 eV, respectively, for different intensities are presented
in Figs. 6 and 7, respectively. The KER spectra show a very
minor effect of the R-
 coupling. Similar to the resonant
pump case both treatments predict a nearly equivalent KER
profile except for the discussed above little shift due to the
lifting of the initial rotational state energy, and the KER spec-
tra broaden with the increase of pulse intensities. The most
sufficient effect of the electron-rotational coupling is found
for the case of positive detuning at highest pulse intensity
I0 = 4 × 1014 W/cm2. With increasing of I0 the peak position
shifts to the lower and higher energy region for the nega-
tive and positive detuning, respectively, which is consistent
with the dressed picture interpreted in the last subsection or
Ref. [57].

FIG. 6. Same as Fig. 4 but with positive detuning of the pump
pulse with ω = 9.68 eV.
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FIG. 7. Same as Fig. 4 but with negatively detuning of the pump
pulse with ω = 7.68 eV.

For the angular distribution of photofragments, both treat-
ments show that the spectra exhibit more significant variations
with respect to I0 for the case of positive detuning of the
pumping field. As revealed in Fig. 6, with increasing of pulse
intensity, the spectra shows oscillation structures in the model
without R-
 coupling included, which is quite different from
that of the resonant pump case, indicating more intense rota-
tional dynamics; the spectra in the model of 3�-3� show quite
similar variations as the case with resonant frequency (Fig. 4),
a plateau gradually appears and becomes broad. Surprisingly,
when I0 reaches 4 × 1014 W/cm2, the angular distribution
function in the 3�-3� model forms a significant peak around
β = 0.1π , sufficiently exceeding the plateau level, while for
the case of negative detuning this effect is absent (see Fig. 7).
This striking spectral difference between the positive and
negative detunings can be explained by the interaction with
a much larger density of rovibrational states above the reso-
nance with the excited potential energy curve as compared to
excitation below the resonance. Indeed, for the negative detun-
ing, effectively, the intensity hitting the rovibrational states on
the excited PES is smaller, so it resembles the low intensity
case. Due to this, the spectral profiles computed including
R-
 coupling for the negative detuning show less sensitivity
to increasing the field intensity, and only the use of the highest
intensity 4 × 1014 W/cm2 allows us to see a sufficient effect
of R-
 coupling around β = 0.5π . The observed complex
dynamics behavior is related directly to different phases of
rotational states triggered by the pulses, as explained below.

The fragment angular distribution computed for separate
initial rotational states including R-
 coupling are presented
in Fig. 8 for the case of positive (left panels) and negative
(right panels) detuning from the resonance. For the relatively
weak field I0 = 1013 W/cm2 the angular distribution shows a
quite similar profile as compared to the case of resonant pump
field. However, as it clearly shows for the strong pump I0 =
4 × 1014 W/cm2, all spectra originating from the degenerate
initial states are sufficiently different from that of the resonant
case (Fig. 5). In the case of negatively detuned pulses, peaks of
spectra from different initial state |Jw

0 , M0,
0〉 narrow down
and evolve toward β = π/2, but their relative intensities do
not change too much and their averaged spectra show minor

FIG. 8. Angular distribution of a different initial angular state
(as in Fig. 5) but for positive (left panels (a, c)) and negative (right
panels (b, d)) detuning and for two different pulse intensities I0 =
1013 W/cm2 (a, b) and 4 × 1014 W/cm2 (c, d).

changes. While in the case of positive detuning, contributions
from initial rotational states |1, 0, 0〉, |1,−1,−1〉, |1, 1, 1〉,
|1,−1, 1〉, and |1, 1,−1〉 increase their relative intensities,
and their contributed peaks in the forward (or backward)
region shift significantly to the small (or big) angle region
with the increasing of I0 (similar as that of the resonant
case revealed in Fig. 5); furthermore, the peaks around π/2
from initial rotational states (|1,−1, 0〉, |1, 1, 0〉, |1, 0, 1〉 and
|1, 0,−1〉) are strongly suppressed and new peaks appear at
both small and big angle regions. The shifted and new arising
peaks jointly contribute to the peak in the small angle region
shown in Fig. 6.

Careful analysis of the amplitudes and phases for different
rotational states reveals that the different rotational dynamics
in the dissociative state is related to the phases created by the
pump pulses. Moreover, these phases depend on the energy
detuning from the resonance in the strong field case, when
the R-
 coupling becomes important and results in different
rotational excitations and, in turn, affects the relative phases
between these states. So, in the case of strong field tuned from
the resonance both phase effects and R-
 coupling affect
the observable spectra. To illustrate this, let us consider an
example when the initial rotational state |1, 0, 0〉 is promoted
by the pump pulse to the 3� dissociative state. The main
rotational contribution in this case is given by two rotational
states |2, 0, 1〉 and |4, 0, 1〉, forming a rotational wave packet
c1(|2, 0, 1〉 + c2|4, 0, 1〉), where coefficients c1 and c2 depend
on the field intensity and detuning. When c2 is real there
is no phase difference between the rotational states, as it
happens in the case of zero detuning. However, when there
is a phase difference, as in the case of nonzero detuning,
the c2 coefficient becomes complex. Indeed, our numerical
fitting of the angular distribution profiles in Figs. 8(c) and
8(d) results in the following approximated forms of the ex-
cited rotational wave packet ||2, 0, 1〉 + ei0.2π |4, 0, 1〉|2 and
||2, 0, 1〉 + ei0.8π |4, 0, 1〉|2, respectively. This example shows
clearly the two opposite phases corresponding to the two
opposite values of the detunings. In a similar way, considering
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initial rotational states |1, 0,−1〉 and |1, 1, 0〉 (or |1, 0,−1〉
and |1,−1, 0〉) results in a significant fragmentation value
at β = 0 (or π ) when I0 = 4 × 1014 W/cm2 in the case
of positive detuning, while these angles have almost zero
intensity in the case of negative detuning. This shows that the
energy detuning from the resonance can serve as a tool for
fine control over phases of different rotational states and thus
for the control of rotational dynamics in the photodissociation
process.

IV. CONCLUSION

Unlike singlet state 1� systems, the spin angular momen-
tum also contributes to the electronic triplet state 3�, which
triggers interest to understand the role of spin-orbital-rotation
coupling or R-
 coupling in the photodissociation process
pumped on the transition between 3� and 3� states by in-
tense pulses. As a showcase, photodissociation dynamics of
the NH molecule from state X 3�− to 2 3� by intense res-
onant and detuned VUV pulses have been comprehensively
investigated using theoretical treatment accounting for the
R-
 coupling. The two most important observable physical
quantities, namely KER spectra and angular distribution of the
fragments, are carefully studied for different pulse intensities
and detuning from the resonance for nine degenerate initial
angular states. It shows the final KER spectra are not very sen-
sitive to the R-
 coupling, and due to the dressed potentials in
the intense fields, the spectra will shift towards the lower and
higher energy regions by intense negatively (and resonantly)
and positively detuned pulses, respectively. The angular dis-
tributions are directly related to the rotational couplings, and
the electron-rotation coupling keeps the angular distributed

photofragments always being a rising profile with respect to
the angle β from 0 to π/2, while the initial rotational states
|1, 1, 0〉 and |1, 0,−1〉 contribute the nonzero probabilities
at β = 0. Furthermore, the probabilities in the small angles
gradually increase as the increasing of the resonant and pos-
itively detuned pulse intensities, mainly contributed from the
initial rotational states |1, 1, 1〉, |1,−1,−1〉, and |1, 0, 0〉. At
the high pump intensity the angular distribution is found to be
very sensitive to the detuning from the resonance, providing
a new possibility for the fine control of photodissociation
rotational dynamics.

As a perspective, the R-
 coupling is naturally there in
states of diatomics with nonzero 
, the present and previ-
ous work have shown its important effects in strong pulse
excitation and dissociation, we would expect it would also
play a role in the strong laser photoionization of diatomics,
since at least one 
 of the neutral and ion must be nonzero
(e.g., 
 of both O2 and O+

2 are nonzero), resulting into the
participant of R-
 coupling in the nuclear dynamics. Further
investigations in strong pulses are highly required to reveal
the potential effect of R-
 coupling in different dynamics as
in photoionization, photoabsorption, and so on.
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